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ABSTRACT  ^  . 

This  rs  ther  second  of  two  training  courses  designed 
to  develop  the.  capability  of  practitioners  in  the  hoae  building 
industry  to  design  solar  he^,ting  and  cooling  syjsteas.  The  course,  is 
organized  in  23'  aodul^s  to  separate  sjelected  topics  and  .to  facilitate 
.learning.  Although  a  coapact  schedule  of  one  »eek  is  shovn,  a  variety 
of  formats  can  be  arranged,  lln  general,  the  course  progresses  froa 
simple  sizing  procedures  for  aakijig  preliainary.  estiaates  of 
collector  area  requireaents,  to  a  computer-aided  method,  and  finally 
to  automated  design  techniques.  Such  details  as  systea  econoaics/ 
energy  x:onservation  trade-off s,  .and  ccaponent  selections*are  also 
presented.   (Author/HLF) •  ^  > 
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\  ~    '  •'  PREFACE 


The  primary  purpose  of  this  training  course  is  to  develop  the  capability  of 
prac.tmoners  in  the  Home  Building  industry  to  Design  Solar  Heating  and 
Cooling  Systems  for  Residential  Buildings.    The  go^l  is  to'have  this  cogrse 
implemented  nationwide  to  train  practitioners  in" thK requisite  skills  to 
integrate  solar  energy  .systems  i;ito  residential  buijd^ 


3S . 


Recent  estimates  indicate  that  a  substantial  amount"  of  dom^Ntic  space  and 
w^ter  heating  in  the  United  States  will  be  accomplished  by  so>ar  energy 
in  the  near  future.    However,  significant  implementation  can  6nl>^e  achieved 
*f  substantial -capabi'l fties  are  created  among  the  professions  snd  tY^des 
in,  the  building  industry  to  install  solar  systems. 


This  training  course,  and  a  companion  course  titled  Sizing,  Installation 
and  Operation  of  Systems  for  Solar  Heating  a^id  Cooling  of  Residential  x 
Buildings,  are  courses  to  train  hor^designers  and  builders- in  the  fundamental-s 
of  solar  hydronic  and  air  systems  fSr  space  heating  and  cooling  and  domestic 
hot  water  Iteating  for  residential  ijiJildings.    The  modularized  structure 
ef  the  training  courses  provides  con^jderable  latitude  .in  organization 
and  presentation,  especially  with  Regard  to  the  time  periqd  over  "which  the' 
course  , could  be  presented.    At^Colorado  State  University;  the, course  is  ' 
presented  in  five  continuous  days,  but  a  longer  period  of  time  utilizing  .only 
evening  hours  could  be  used .just  as  effectively.*  The  structure  also  • 
provides  for  verification  that  participants  have  achieved 'anticipated 
levels  of  understanding.    At  CSU,''  validation  is  in  the  form  of  daily 
evaluations  by  the  participants  especially  with  regard"  to  material  content  . 
and' methods  of  presentation . ^  The  instructors  interact  and' respond  to  the 
evaluations  and  alter  their  methods  of  presentation  to  meet  the  peeds  of  I 
particular  groups  of'trainees .   "  .  ^  -     .  !' 

■-?        "  .  I 

CO'URSE  DEVELOPMENT 

A 


This  train.mg  course  was  developed. by  the  staff -of  the  5blar  Energy  Applir'a- 
tlons  Laboratory  and  vocational  education  s-peciaT'ists  at  Cbiorado  State  ' 
University  in  cooperation  with  the  NAHB  Research  Foundation,  Inc.,  Rockvillf 
Maryland.    A  na4;ional  advisory  committee  was  established  to  provfd'el  adv-ice 
-,     and  general  guidance  to^  the  project  staff  regarding  direction  and  Content 
.    of-  £(ie- trai-ninq  courses.  -  The  committee  members  were  from  various',  sectors 
♦  of  the  home-build1ng' industry,  aoid  also  teachers ,  archi tects ,  engineers  anc 
represejptatives  from  ^governmental  agencies,  '  - 

•     Iff  deteroiioing  curriculum  content,  a. rigorous  procedure  wasVoTlowed  to 
/develop -course  standards  and-needs  by  interacting  with  architects,  enginee 
building  contractors  and  installers  o-f  heating, , ventilating  and.  air     .  i 
conditioning  systems  in  residential  buildings.    From  the  standard?  and  1 
-^needs,  objectives  for  the-  cogrse  Aiere  developed,  and  the  currlc'ulai*'  materials 
v^ywere  then  prepared,.    ,  .    "  .    .'  •  ^. 

.  ,,       .      '       '    ' .  ^  '  ,  ' 

'    <    .       '  •  ,  .  - 
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.         -        '     ,  '  L 

Byron  Winn  organized  and  directed  the  development  of  the  course  and  prepared 
a  major  portion  of  this  manual'.    In^addit*ion  to  his  experience  a's  a  designer 
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rinyolved  in  solar  energy  research  since  1973,  he  has  directed  a  number  of 
research  projects  in  solar  energy  utilization.    Susumu  Karaki  has  served, 
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solar  enef-gy  utilization. 
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George  0.  G.  tof      Dr.^, Lof  has  special ized  .in  sbl&r^eneVgy  utilization  for 
over  thirty  years  and  pioneered  in  the  development  of  solar  heating  etnd 
cooling  systems^.    As  Director  of  the  SQlar  Energ^^  Applications  Laboratory  he 
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Sanford  B .  Thayer  —  Dr.  Thayer  is  Associate  Professor  of  Mechanical  Engineer- 
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.to  solar  heating  sys^tems  in  this  manual.       "  , 
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education  in  the  Department  of  Vocational  Education  for  the  last  eleven  ' 
years.       ^    ■  '  •  , 

Milton  Larson  along  with  Dr.  Valentirie  provided  expert  advice  to  the  / 
staff J^n  developing  the  training  Course  and  this  manual.*  ^ 


Ivan  E.  Valentine  --  Dr.  Valentine,  along  wHh  Dr.- 'Larson  served  the  staff 
who- prepared  this  mffnuaLj^._a^vocational  education  speciiil is^rHe  has 
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engije^,  and  heating--and  plumb.ing  contractor.  ' 

l^an  Valentine's  extensive  experience  in  vocational  te^nical  education 
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The  NAHB  Research  FounjJation* through  Ralph  J.  Johnson,  Staff  Vice  President 
and  Director,  a rid|H.  W.  An^erso^ , participated  in  thq  dieveldpment  of  th| 
training  course  and  this  manual  through  critical  reviews  and  many  helpful 
comments.    Mr.  JohnsohMn  particular  carries' jyi th  him  over  30  years  exper- 
ience In  housing  and  hom^-building  Research, and' in  housing 'for  nearly  twenty 
years.         .  '      \  . 
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.  ^     .      _  .     INTRQDUCTIQN      '      '     :  - 

The  Solar  Energy  Applications  laboratory  at  Colorado  Stat%  University 

in  cooperation  with  the'NAHB  Research  Foundation  has  developed  two  practical 

^     "     '    '  C 

training  courses  for  the  design,  installation  and  operation  of  solar  he^trng 
and  cool-ing 'systems  for  residential  biiiltiiUgs. "  Xfits  course  is  titled" 
DESIGN  OF  SYSTEMS  and  the  other  is  Si'ZING,  INSTALLATION  AND  OPERATION 
SYSTEMS,  .  .        '  '    ;  '  ' 

The  use* of  solar  energy  to  provide  the  comfort  cpnditions  in  residential 

«  « 

^buildings  and  serve  the' hot  water  needs-is  a  practical  realization  for  many/ 
parts  of  the  c^ntry  where  costs"  of  electricity  and 'fossil  fuels  are  steadily 
increasing.    Although  there  is  considerable'  interest  in  solar  systems  through 
out  the  country,  the  -numbers  of  solar  houses  are  relatively  few,  largely,  beca 
there  is  a  serious  lack  of  qualified  personnel  to  apply  the  technology.  ' 
.Substantial  capabilities. are  needed  among  the  professions  and  trades 
involved  in  the  building  industry  to  design  and  install  sol  a r^  systems  if 
widespread  application  is  to  take  place  in  this  country.  '*"  -J* 

This  training  course  was  prepared  to  develop"  practical  skills  to  design 
solar  heating  and  cooling  systems.    Over  a  period  of  one  week,  the  course  . 
provides  44  hours  of  instruction,  practice  with  computations  and  "detailed 
i/ispections  of  woflcing  systems.      '  ^ 

objecttVes  ^  - '  '  ^       .    ^  '  » 

The  objectives  of^^he  training  course  are  to  develop  capabilities  in 
the  trainee  to:      *  -  . '  ,  ^ 

,1.     Design  sola,r  heating  aiid  cooling  systems  for  residential 

*  --  .  i 

buildings,  and  hiake  performance  estimates  and  economic  analyses. 


2.   -  Advise  clients  on  particular  types  of  systems  best 'suited  for 


thejV  ^needs  < 


3»«    PVan  and' supervise  construction  of  buildings  which  include  splar 


sys  tegis . 


4..  Explain  basic  operating  characteristics  of  solar  heating  and 
•  '  .  cooling  sy^ems  to  otfTers.     -  ,  -       -  ^ 


SCOPE 


V 


'   ^  This  course  is  limited  in  scope  ^td  the  design  of  solar  >ieati4ig  and^ 

•  >  '  '  ''. 
cooling  system?  for  residential,  buildings,  with  primary  emphasis  oh  heating 

systems.    Although  solar  cooling  systems  are  discussed,  design  and  economic 

analyses  of  systems  for  oply  solar  coolirl|  of  buildings,  are' not  includ§.d, 

•principally  because  such  systems  are  not,  as  yet, ^economically  competitive  . 

with  standard  refrigeration  systems.    However,  where  solar  lieating .systems 

can  be  econortiQally  justified,  atding  solar-operated  cool ing  uni ts 

to  form  integrated,  solar*  systems  may  be  possible*    Designs  of  such  integrate<l 

systems^ are* included  in  this  cour^se.         ^  . 

Although  the  basic  design  principles  apply  to  any  solar  heating  a^^^ 

coolijrjg  system,  the  user  lis  ^advfged  that  many-^of  the. design  charts  in  this  . 

-   ^        4  '  ■  ,  '        ^'  L  ~  ^     ■    .**  j| 

manual  arppl.yVbnly  to  residential  buildings\    When  ^olaV  systems  ai'e  considered 

•  ■  :\ '         ^      •  .  .  :  -  .  .  .  ^ 

•for  office,  -comifierc i a  1  or  Industrial  bui^ldlngs,  the  applncation  fn3y\t)e 
s'uff'icieritly  different  that  aUerneut.ive -procedures  should  be  fal,lQwed. 

♦  •  ^  "     ^       ?  * 
.    ■  .  \               COibE  ORGANIZATION        '  *  '   ^  '\ 


^  The  Voursfe  is  organized  in  modules  to  separate  selected  tppics  and- 
facilitate  .learning.    Although  a^ompact  schQdulVqf       weekjs  shown  ; 
."^   t^figur-e  1-1,^  variety  of  foirmats' can  be  arranged.'     v  ^ 
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Figure  1-1.    Course  Sche'duW 


'  -  •  In- genera,! ,  the  coCirse  progresses  from  simple  sizing  procedures  for 
making ^i^elimi nary  estimates  of  collector  area  requirements,  to  a  computer^  . 
aided  methoci  and  finally  to  automated  design  techniques.    Such  details  as 
system  economics,  energy,  conservation,  trade--offs  and  component 'selections 
are  also  presented. 

Opportunities  for  review  are-  provided  each  day  in  the  schedule  of  • 
Figure  l-r,and  participants  are  entouraged  to  use  the  time  to  clarify  any 

"difficulties  encountered.    At  the  end  of^Tach  day^^the  trainees  are 

/equested  to  evaluate  the  course  materials  and  methods  of  presentation.  - 

These  evaluations  will^assist  the  instructors  to  respond  to  the  needs  of 

the  particular  group  of  trainees  in  the  course.  ^ 

If 

'    "  SYNOPSIS  OF  COURSE  CONTENT 


TOUR  OF  SOLAR  HOUSES 

pre-course  tour  of  solar  houses  in  the^local  area  is  provided  to  give 
trainees  an  "opportunity  to  see  differe^nt  styles  of  homes  which  have  different 
solar  systems.    Thfe  systems' are  briefly  described  and  performance  details 
of  systems  ^re  gi^ven  y&erv\such  information  is  available/     The  duration  of 


the  to,ur  is  about  ^>tii^fs.    An^'^the  tour  there  is  an  informal  reception- 
and  dinner  where  the  instructors  and  trainees  are  introduced-!    A  post-dinner 

talk  on*  Ifee  energy  problem  l^s  presented.  ^        >  - 

«■      .  f        *  "^^^  • 

MQOULE  1.  '  tOURSE -ORIENTATION       '  •  •  ^ 

'The'dbjective  of  thevtrainimg^courie  is  to  develpp  capcjbilities  among 
"prac'titioihers  in  the  Home-builclingr^ndusfry  and  other;  Interested  persons  to 
design  solar  hea  ting.*  a  nd^'^®' systems  thi't  will  provide  a  major  portion, of 


■1-5' 

the  annual  heating 'neeas  of  a  res>^fTitial  buil^lvng.-Mn  this  intro'ductory 
module, a  .summary  of  the*"contents  of  the  course  is  presented    and  a  ' 
sGhBdule  for  the  course  fs  given.        *    •  <      *       /  v  ^  .  ' 

A  brief  preview  .is  provided  to  highlight  tbe  course  so  that  trainees 
can  appreciate  the  relationship  of  each»  module  to  the  entire  course.'" 
The  course  progresses  gradually  from  tjasic  concepts  and  pre.Hminary  design 
procedures  toward  tnore- compl ex  aspe.cts  and  detailed  calcj^jlattons. 


MODULE  2.  ■  GENERAL  DE$CRIPTION$-t)RSOLAR  HEAHNG  AND  CQOLirS  SYSTEMS  • 

Sieveral  operating  solar  houses  are  described  in  the  module  along  with 
descriptions  of  the  houses r  the  types  of  systems,  and  design  data  for  the 
systems.    The  purpose  of  this  module  is  to  establish  a  base  bf  reference 
for  the  typfes  of  residential  solaf  systems  that  will  be  described  in  greater 
detail  in  the  course.    Basic  arrangements  of  1 iquid-heatiag  and  air-heating 
solar  s:^stems.  that  are  practical  to  install  are  described. 

From  the  descriptions,  of  the  systems  the  tr'ainees  can  better  appreciate 
the  relationships  of  colTeotor  areas  to  floor  areas  and  volujues  of  heat 
storage  to  collector  ar6as.    Althou^h^sts  are  likely  to  va^y  somewhat  in  the 
future,  the  ra'nge.of  costs  for  solar- systems  is  also  given.     The  reader  is 
cautioned  that 'some  of  the'sys  terns  are  experimental  units,  where  extra 
features  have  been  designed  into  the  system  to  permit  alternative  nio'des 
of  operation.  ^Such  systems  are  likel-y.to  be  mo.re  expensive  than  systems  that 
would  be  installed  in  normal  residential  buildinqs. 

.    .  .      .       'V^.  ■ 

Schematic  diagrams  are*  used  to  describe  basic  arrangements  of^solar 
systems  and  to  trace  th6  flow  of  heat  from  collectors  to^^storage  and" 
from  storage  to  the  building  space.  'Solar  heated  domestic, hot  water  systems ^  - 
are  also  introduced  in  -the  module.  •  '  • 


MODULE '3."    SOLAR  RADIATIliN  INFORMATION  FOR  DESIGN- PURPOSES 

.  Understanding  the  intensity  of  solar  radiation  at  the.^face  of  the 

earth  *is  baste  to  the' design  of  solar  systems.    Regardless  lo'f  the  type 

0:,  '  '         '  ^  . 

of  collector  used,'  there  is  a  limit  fo  the  amotfnt  (Tf  heat  that  can  be  obtained 
from  a  unit  area  of  th'^  col  lector.    Th6re  is  considerable  variation  in 
'  the  <^ount  of  heaf  that  can  be  collected  from  the  sun  with  a  given  collec- 
tor  area, dyepending  upon  the  tilt  and  orientation  of. the  collectors.      «  , 
From  an'ed/nomic  point  of  view,  both  the.  collector  tilt  and  orientation^ 
•slioul4  be  s^  for  maximum  collect.ion  for  the  season.    If  the'  system  is 
designed  'only        heating  purposes,  the  collector  should  be  arranged 
for  low  sun  angles.    On  the  other  hand,  if  the  system  is  to  heat  and  cool 
the  building,  a  flatter  tilt  would  be  more  suitable  to  ipaximize  energy 

.collection  during  the  entire  year. 

♦       *  *'  ^  "  * 

.    In  this  module,  the  trainees  are  taught  how  to  calculate  the 

,    \  <■ 

solar  radiatiop  intensity  onU  tilted  coTlector  surface.  .  Compl e/ 
equatix)ns  are  givertin  the  text,-.bu1;  all  -calculations  canibe  made  by  ^ 
use  of  charts  and  tables  which  involve  only  additions„.an<l  muHi plications 
of  number?. .    .  t    *  -  " 


■MODULE  4.   VSTEM. DESIGN  GUIDEdNES 

a' system- designer , may  often  be- faced' wi  bh.  the  tdsk  of  making  a  quick, 
estimate  of  the  collector  area'  "(and  cost)  required  for  a  solar  system  in 
a  given  building.    If  he  is  serving  a  client  and  first  cost  is  of'^primary 
concern  to  the  owner,  the -designer  usually  cannot  afford  the  time  to  make 
detailed  calculations  before  a  decision  is  matje  by  the  client.    On  the 
other  hand^r.it  is  imp.ortan^  to  be  able  to  make  a  quick  estimate  of 


the  fraction  of  the  anniial  heating  load  that  .can  be  provided  by  a  system 

With  a  given  collector  area.  .  ^ 

App^roximate  method s-fo^  sizing  collectors  are  described' ii)  -the 

module,  which  involve, the  solar  radiation'on  a  tilted  collector,  the 

January-heating" load  for  the  building  and  a  pre-sel ected  fraction  of  the 
'  annual  heating  load  which  the  system  is  to  supply.   -From  the  collector 

area,  the  heat  storage  volume  and^the  f lu#  flowVates  are  determined. 
•The  methods  apply  to  both  air-heating  and  liquid-heating  systems' which 

have  'stan'dard"  arrangements  of  coraponents .  " 

MODULE  5.  ■  HEATING  AND  COOLING  LOAD  ANALYSES  " 

•  %  * 

The  objective  oT  this- module  is  to  present  methods  for  calculating 
the^ heating  and  cooling  loads  of  a  residential  building.    The  procedures 
described  in  the  manual  are  essentially  those  in  the  ASHRAE  Handbook 

of  Fundamentals,  1972.  :  - 

\  > 

For  sizing  furnaces  and  boilers-for  non-solar  residential  buildings, 
heatingjoad  calculations  have  not  needed  to  be  precise  because  the  costs 
of  heating  units  are  minor  relative  to  buildi^ng  costs.    If  a  100,000 
Btuh  furnace  is  used  where  a  60,00.0  Btuh  unit  is  needed,  the'added  cost 
and  loss^.  furnace  efficiency  in  the  larger  unit  have  ^ot  been  significant 
issues  be'cause  fuel  has  been  plentiful  -and  cheap.  '    .  - 

^    tn  designing  a  solar  system,  a:  design  heat  loss  rate  from  a 'building  is 
needed  to  size  the  auxjljary  unit, andl'monthl^  average  building  heating 
loads  (determined  f ^om  .'tbe^design  heat  loss  rate)  are  needed  to  drtermine  an 
economical  system  size.  J)ver-sized  or  under/sized  solar  systems  are  " 
uneconomical,  and  therefore,  a  reliable  estimate  o|  the  buf-ldjjg  heating 
loa^  is 'needed.*  ^  ■  ' 


MODULE  ^  SIMPLIFIED  DESIGNS-CALCULATIONS     /  '  •  ^ 

The.. trainees  \a re  given^^jt^  'opportunity  to  design  a  solar  system  u^jng 
the  guidelines  presented 'in  Module  4.    A  common  problem  is  assignejl  to 
tfje  entire  class, and  those  who  comiDl^te  Ihe  class  problem  can  design  a/ 
system  for  their  local ity.^^.  ' 

MODULE  7.    DETAILED  DESIGN  METHODS  ^  \  . 

The  simplified  design  methods  presented  in  Module  4  are  usually  not 

a'dequate  for  final  design  purposes  because  only  typical  systems  are 

represented, Sind  design  parameters  that  cha/acterize  specific  collectors 
»  ♦  * 

are  not  included  in  the  .method.    When  systems  are  designed  with  specific 
collectors,  and  efficiWncy  cufves  are  available  for  those  collectors, 
the  designs  can  be  improved,  and  better- predictions  of  useful  solar  energy 
collection  can  be  made.  ,     ,      •     •    .  '  ^  - 

'  The  method  described  in  this  mdduTe  i^s  the  procedure  developed  by 
Duffie,  Beckman  and  Klein  at  the  Uni^ersj'ty  of  Wisconsin  and  is  called 
the^f -chart  design  procedure.  By  specifying  the  "details  of  the  system 
used:  to  collect  solar  energy  and  by  specifying  the^entl  use,  the  method 
can  be/ used  to  predipt  the  performajnce  of  systems  which  provide  , 

*  r 

energy  for  space  heating  and  domestic  hot. water  heating^    Currently,  only 

the  performance  of  the  systems  using  flat-p1,ate  collectors  car>  be  obtained 

wUh.f -charts.       .  •    '  ^         '        -  ,  ^ 

y  . 

.MODULE  8.    ECDNOMIC  CONSIDERATIONS  '       ,      ^  '       ^  . 

(This  module  projsonts  methodolouy  that  may  be  aised  to*  determine  the  ^ 
econqliics  of  ^olar  hefftlmj* systems.  One  method  is  to  make  a  birpak-even  ^ 
analysis  to  predict  the  price  of.  fuel  when  the  annual  cost  for  a  non-solar 


.syst^eniywin  equal  the  annua]  cost  for  a  soTar  system.' -  Al  though  this 
methodology. does  not  give  a  true  economic  picture  of  solar  sys'tems, 
it  is  a  method  used  by  some  in  a decisionmaking  process.  The 

method  of  analysis  is  explained  using  natural  gas  as  the  comparative  fuel 

•    <f  ■  .  ■  - 

energy  with  solar,  but  the  method  is  "equally  applicable  to  compare  other- 
energy  forms  such  as  fuel  oil,  propane -and  electricity  with' solar  energy. 

A  more  realistic  economic  analysis  should  include  inflation  rates, 
operating  and  maintenance  costs,  property  taxes,  insurance  and  credit 
for  -taxes  as  well  as  mor'tgage  payments  and  Vuel  costs.    A  method  for 
comparing  the  annual  cash  flows 'for  non-solar  as  well  as  solar  systems 
'is  presented  in  the  module.  %   


MODULE  9.    ENERGY  CONSERVATION  TRADE-OFFS 

^         "  ^  ^' 

Ip^. recent  years,  home  designs  are  including  measures  to  reduc-e  the 
quantity  of  heating  (and  caoling)  needed  to  maintain    comfort  conditions, 
Muth  can  be  accomplished  with  architectural  treatments  of  the  building  • 
exterior,  with  regards  to  shape  of  the'building ,  orientatio'n,  fenestra- 
tion,  and  air  locks,  but  other  energy-conser^'ing  measures 
such  as  insulation,  storm  windows  and  doors/and  internal  temperature- 
settings  can  be  effective  in 'reducing  the  energy  needs  in  the  building. 

•      The  cost-effectiveness;pf  several  energy  conserving  measures  are' 

^  '     :  ...  " 

'discussed  irf  the  module  tisirlg  a  basic  house  ^gsign  and  comparing  the 

hi'  .  ' 

reductiorr  in  energy  requirements  with  several,  conserving  measures.  The 

cost  for  effecting  energy  conservation  is  compared  with  the  savings  in 

energy  consumption^.'         '       -  ]  ^  ^         :  ' 


3  35  ; 
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MODULE  10.    DETAILED  DESIGN  CALCULATIONS'  /     '      '  '  •" 

The  trainees  are  given  an  opportunity  to. mjtke  detailed  design  calcula- 
.tions  using  the  f-chart  procedure  described  in  Module  7,    Four  probl^s 
are  assigned  in  a  progressive  order  of  complexity  to  .familiarize  participants 


with  the  calculation  procedure. 


\ 


MODULE  11.  COLLECTORS 

Descriptive  and  specific  detai1;F^f  solar  collectors  are  .described 

^  — 

in  the  module.^  There  aVe  two  bastmypes  of  collectors,  flat-plate  and 
concentrating .    Concentrating  coll ectors  focus  beam  radiation  from 
the  sun  onta^mall  absorber  surfaces  and  develop  high  temperatures  in 
lieat  transCer  Vluids.    Flat-plate  collectors  have  no  focusing,  and  the 
total  radiation  from  the  sun  and  reflections  from^other  sGrfaces  are 
used  to  heat  fluids  that  are  in-  contact  with,  the  absorber-.  Flat-plate 
collectors  are  the  only  types  described  in  detail  in  this  module,  and  general 
•performance  curves  for  a  number  of  collectors  are  given. 


M0DULE^12.    STORAGE  SYSTEMS 


'    The  purpose  of  thermal  storage  in  solar  heating  and  cooling 

'     systems  is  to  provide  heat  for  use  during  non-sunshine +iours .     In  practical 

systems,  heat  must  be  easilV  storable  and  rreadily  reclaimable  for  use  in 
^  '  \  ^  .  '        '  \  [\  .  \ 

ttt^'  building.    Sensible  heat  in  water  or  rocks  is  iflie  most  common  way  to 

-  ~       '  »  •  .      /i  '  '  *L 

"    store  heat.    Phase-change  material  permits  large  quantities  of  heat  > 

,  »        •      •  .  — 

J    to  be  stored  in  a  small  amount  of  mass  and  is, therefore,  a  possible- 

way  to  reduce  the  volume  of  storage  needed  for  residenttaX^sola^j^^  systems^ 

as  compared  w^th  a  water  tank  or  rock'bf;/  More  research  is  needed  at  thisj/ 

^^'^  time  lo  develop  the  use  of  the  volume  required  for'a  phase-changfe  material,  . 
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before  such  material  will  become  practical  to. use, 

36'     .  ■ 


( 


.   Details  of  ^ater  storage^and  rock  bins  are  described  in  the  module, 
as  well  as  other  performance  arid  design  characteristics^of  storage 
units  in  solar  ffeating  and  cooling  s/stems"^'  '  y 

^      ^     -    .  'f  . 

MODULE  13.    LABORATORY      *  " 

♦  « 

^.  The  laboratory  session  is,  an  opportunity  for  trainees  to -inspect 
working  systems  carefully  and  to  learn  where  to  take  temperature 
measurements  and  .place  control  sensors  in  working  systems  ^nd  model 
*  systems^  ^  -  ' 

MODULE  14.    COMPHTER- AIDED  F-CHART  mCULATIONS  /  . 

Having  made  design  calculations  with  a  hand  calculator   using  the 
f-chart  method,  the  trainees  are  instructed  on  the  use  of  a  computer-aided 
interactive  f-chart  design  procedure.  ■  The  interactive  computer  program 
enables  a  number  of  iterative  designs  to  be  made  quickly  to  reach  an 
economical  solution.  '  '  ' 

/  .■    .  < 

MODULE  15.    SYSTEM  CONTROLS     «  V.  , 

The  basic  function  of  contro-ls  in  solar  heating  and  cooling  systems 
is  to  switch  on  pumps  and  blowers  and  operate  valves  and  dampers  in' 
response  to  the  heating  or  cooling  needs  inside  the  building  and  to  the 
available  synshine  (o^r  lack  of  sunshine)  on  the  cpllectors.  As 
the  occupant  of  the  building  neeffs^to  be  eoncernecUonly  wittj,  the  thermo- 
stat  setting^  the, entire  system  is  controlled  automatically/  The 
control/'logic  and  types  of  available  controls  are  explained  in  this  module. 
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MDDULE  16.    SELECTION  OF  SUBSYSffEM  COMPONENTS 


In  addition  to  col  lector^' and,  storage  units,  the  selection  of  heat 
exchangers,  pumps  and  blowei^/and-  valves  and  dampers  is  important 
/o  system  performance.^^^e  ^pe  of  heat  .exchanger^ i n  a  liquid  system 
'can  materially  affecjb^the  collector  operating  temperature  and  system 
efficiency.'   SiiFiiarly,  the  pump  or  blower  capacity  can  al^fect  the  fluid 
temperature' rise  through  a  collector.    The  selection  of  subcomponents  of 
a  system  is  explained  in  this  module. 


MODULE  17.    SOLAR  COOLING  SYSTEMS 


 Solar  cooling  units  that  are  integrated  with  solar  heating  systems, 

are  discussed  in^the  module.    The  only  commer^:iaTly  available  solar 
cooling  unit  (1977)  is  a  lithium-bromide-water  absorption  machine,  but 
other  possible  units  are  described.    Evaporative  cooling,  althotigb  it 
does  not  depend  upon  solar  energy,  can  be  integrated  with  an  air-heating 
system,  utilizing  the  rock  bed  to  store  "cool".    That  is,  the  rock  bed 
is  cooled  down  a^t  night  and  used  to  cool  the  warm  room  air  during  the 
day.    This  method,  however,  is  limited  forusevfi  arid  and  semi-arid  regions 
of  the  country.  ^      '  ^    '  , 


MODULE  18.    AUTOMATED  DESIGN  TECHtUQUES-  «, 

The  design  techniques  presented  in  Modules  4"and  7  are  iiaSed  upon 
"standard"  system  arrangements..  When  non-standard  arrangements  are  to 
be  designed,  with  hi,gh  perfornifance  collectors^fef  heat  pumps. for  example, 
the  previous  npethods  will  not  provide  j)erf6rmance  predictions  for  such 
systems, and  computer  simulations  should      useiJ.    There  are  at  least 
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three  programs  available,  TRNSYS,  SIMSHAC,and  SjOLCOST,  and  the  latter  is 
an  automated  program  that  can  *be  ^used  .even  if  the  user  is  not  familiar 
with  computer  techniques.    The  utility  of  these  programs ^1s  discussed 
in^this  module^  ' 

f   y 

f     '  -    *  '  -  -.^^"^ 

mmil  19>    SERVICE.HOT WATER  SYSTEMS 

*A  solar  hot  water  heatirfg  system  can  be  used'for  domesti^  service'. 
"The  two  major  types  of  solar  water  hea'ters  are  circulating  an^  hon- 
circulating.with  several  variations  of  each  type.    In  its  simplest  form, 
a^  solar  water  heater  consists^  of  a  flat-plate  collector  with  a^  "insulated 
tank  with  water  circulated  through  the  collector  by  thermosyphon  action. 
More  complex  systems  involving  pumps,  antifreeze  solutions  with  heat.v 
exchangers,  and  dra.in-dpwn .systems  are  described. 

MODULE  20>    DESIGtj  CASE  STUDY  - 

A  design  of  a  system  using  the  autolnated  design  procedure,  iS 
illustrated  for  the  class  of  trainefts.  '    ^  -       \  ^ 


MODULE  21.    STRUCTURAL,  MECHANICAL  AND  SCHEDULING  CONSIDERATIONS 


The  schedul ing*  of  a  solar  installation,  especially  for  new  buildings, 
c3n  be  arranged. wTth  concurrent  and  sequential*  activities  to  minimize 
installation  problems.    Such  items  3S  .instanatij)n  of  J;he^  storage  unit- 
before  floor  joists  are  placed,  and  structural  consideratiofis  to 
support  the 'weight  of  tanks  and  rock  boxes,are  described.    Me'chamical .  .  • 
coitsideratilons  and  arrangements  of  other  components  are  also  described.  ^ 
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,    MQDULP-22.    FUTURE  PROSPECtS  FOR  SOLAR-  HEATING  AND  COOLING  SYSTEMS 
New  desigris  for  the  components  of  solar  systems  are  undergoing 
\.  research^  development  and  testing.    Collectors  that  are  much  improved  in 
performance, and  possibly  direct  contact  heat  exchaTi^ers  for  liquid  . 
, systems  tfiat  combinfe  with  s£orage,may  become  tectinically  and  ecofiomijcally 
advantageous  .for  use  Tm  the' future.    Prospects'-for  ijuprovements  in  solar.* 


systems  look  bright,ana  when  improvements,  are  proven ^to  be  practical   '  *  -      \  ^ 


they  shouM't^ 'considered  for  use. 


MODULE  23.  /fiUYER'S  GUIDES 


V. 


To  select  pr^'o^r  .equif^ment  for  solar  systems,  the  buyer  shoul?! 


h5(ve  knowledge  of  standards i  equipment. warranties,  afid  p'fer-formance  , 
components  in  a -system.    He  Should  J^ay^  an  undprstan^ling  of  the  ^ 
performance  of  liquid-heating  and, air-heating  systems  and  theij^  ^ 
respective  advantages '£ind  disadvantages  so  th^  rational  choices  can  be"^ 
made  for  usjs  in  specific  bQildirigs.    Considerations  for  gosts  of  systems. 


4^ 


reliability^  operating  costs  *and  maintenance^  requiremerrts  can  also 
guide  buyers.       '  ,     ^  :-:-c,  ^* 


■4 
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TRAINING  COURSE  IN 
THE4PRACTICAL  ASPECTS'  OF 
.  DESIGN  OF  .SOL^  HEATING  AND  COOLING  ?Y^EMS 
•  "  TOR  ,    .   .  .  • 

'     .*        •     RESIDENTIAL  BUILDINGS- 


4 

■0 


MODULE  2. 


6ENERAi"D£SCRieJn0NS'0F  SOLAR  HEATING  AND  COOLING^SYSTEMS 


ft 


.SOLAR  EKERGY  APPLICATIONS  Li&BORATORY 


COLORADO  STATE  UNIV^flSITY 
^  .  FORT  ,CQLLINS,  COLORAdO 
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OBJECTIVES  OF  THIS  MODULE 


TRAINEE-ORIENTED  OBJECTIVE.      '       •  \  . 

From  the  matgrial  presented  in  th'is  module,  the  trainee  should 
b.ecome  familiar  with  some  design  data  for  several  existing  s61ar  heating! 
and  cooling  systems.      .  ,  , 


SUB-OBJECffVES  -    #  - 

1.  -To  develop  an. understanding  of  solar  system  costs.  •     .  -  ^ 

2.  '  To  develop  an  understanding  of  solar  system  sizing     "-^^  - 
considerations. 


Several  exist! rfg  systems  wi 
addition,  general  descriptions 
presented. 


mAR  VILLAGE  AT  CSU ' 

Figure  2-1  shov/s  the 


State  University.    The  b 


lescribed  in  thi ^module. 
ir  and  liquid  systems  wiT-1  hfr?/^ 


REPRESqWIATIVE  EXISTl-NG  SYSTEMS 


'XT'. 


olar  Village  on  the  foothills  Campus  at  Colorado 
j/fllding  on  the  vl eft,  CSU  Solar  I,  completed  ^ 
in. July  1974,  is  the  won^d's  'first  solar,  heated  and  cool^  residential 

type  structure.    The  soUr'tystem  consists  of  768  square  feet  of  ,flat- 

V  ^ 

plate  collecctors  .i/ith"two  glass  covers ^--HOO-ga  11  on  water  storage  tank,    x  ' 
a  3-ton  lithium  bromide  absorption  chiller,  auxiliary  fuel -fi red' boiYer,; 
and  associa.t-ed  pumps,  valves  and  controls.   A  solution  of  ethylene    '  * 
glycol  and  water  is  used  a's  the  transport  medium  in  the  collectors'.  .  The  - 


I  CO 

"Storage  medium  Is  water.  Some  of  the-design  characterif|ios'*are 'lifted 
in  Table  2-/^^  •The  interestiTig  features  to  note  ,fVom  Table  2-X.are  the 
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ratio  of-colleetor  area  to  'total  heated' and  cooled  floor  space,  1  to  4, 
the  ratio  of  storage  volume  to  collector  size;  1.5,  gallons  for"  each 
square  foot,  and  the  ratio  of  system  cost  to  collector  size,  approximately* 

$13  per  square  foot.  ^  ' 

•     ^  -         •  ,^    ,  . 

The'house  in  t^ie  center  on  Figure  2-1  is  CSU  Solar  n,    jhe  solar 
*      '  '  •      *•  .  ♦ 

system  consi,sts  of  736  square  feet  of  ai r-heating^^olar  collector?, 
pgbble^d  storage,  an  auxiliary  fuel -fired  furnace  and  an  evaporative 
cooling  unit.    This  solar  system  utilizes  air  as  the^^ansport  rhedium 
in  the  collectors  and  a  pebble  bed  heating  &nd  cooling,  storage  unit." 

One  of  the  principal  objectives  in  cor^structing  these  two  houses-  was  to^  ^ 

->  * 

obtain  comparisons  between  the  performances- of  two  different  operating 

systems  in  nearly  identical  structures  when  subjected^  to  almost- identical 

c.Oimatologicafl  conditions.    Some  of  the  design  data  for  CSU  Solar  II  are 

'listed- in  Table  2-2.    We  note  that  the  ratio  of  collector  arrea  to  floor 

.space  is  approximately  1  ^to  4,  the  ratio  of  storage  volume  to  collector 

area  is  approximately  0.5  cubic  feet  of, rocks  per  square  foot  of  collector, 

and  the  ratio  of -system  cost  to  col leQto resize  is  approximately^  $22 

per  square  foot  of  installed  collector.    The  cos-t  ofjl^e  air  system  in 

SolaY'  House  II  appears  to  be  over  twice  tha.t  of  the  liquid  : 

system  of  Solar  House  I.    However these  systems  were  constructed  in  a 

'    \  ■  *  '  • 

different  manner,  and*  accountings  of  actual  costs  are,  therefore,  differertC' 

The  system  in  SolcTr'^House  I  was  constructed  wi||j^student  assistance  under; 

faculty  direction,  and  the  system  in  Solar  House. II  was  installed  t^y 

a  ^commercial  fnstal ler  with  supervision  by  the  supplier  of-the  solar 

system  hardware.    As, we  shall  see  later,  the'costs  for  system*  installation 

in  Solar  House  II  are  fhore  representative  of  actual  1976  costs.  / 


, Table  2-L 
N 

Floor  Space 

'  Collector  Area' 

.^Collector  Type 

Transport  Med jura 

Storage  Medium 

.  Storage  Size 

System  Cost 
♦ 


Design  Data  for  CSy  Solar  House'  I 


-v-aooo  Ft' 

-v.  768  Ft' 


Fl^t-Wate  Liquid 

Water  and  Ethylene' Glycol 

Water  . 

> 

'V'llOO  Gallons 
$10,100  (estimate)' 


Tab1e^-2. 


Design  Data  for  CSD  "Solar  House  II 


Floor  Space 

# 

Collector  Size 
Collector  Type 
Storage  Volume 
Storage-  Medium 
System  Cost 


'^3000  Ft"" 
-v,  736  Ft^       "  ^ 
Flat-Plate  Air 
363 -Ft^  ' 
^ Pebbles  ('^20  to.ns) 


■  '^$1^^000. 


The  house  on  the  right  in  Figure  2-1  iT'CJU  Solar  III.  The  system 
consists  of  evacuated  tube  collectors,  a  1200-gallon  water  storage  tanks 


a  2-ton  lithium  bromide  absorption  chiller,  an  electrical  auxiliary 
-hea ter^and  associated  piWs,  valves  and  controls.    As  with  CSU^Solar  I 

and  II,  Solar  House  III  fs  both  heated  and  cooled.    Some  of  the  design 

/  — 

data^for  CSU  Solar  III  are'^listed  in^Table^-3,    We  note  that  the 
ratio  of'collector  area  to  floor  space  is  approximately  1  to  4,  the  ratio 
of  storage  volume  to  collector  ^rea  is  approximately  2.5  gallons  of 
water  per  square  foat  of  collecto.p,  and  the  ratio  of  system  cost  to 
collector  size  is  approximately  $55' per  square  foot  of  installed 
collectors.  '       .  ^ 

*  c   ^ 

OTHER  SYSTEMS    -  ^        ,      .  >  ^ 


Figure  2-2  shows  an  arti'sts  rendering  of  the  first  completely 
private,  solar  heated  residential  type  structure  that  was  built  in  the 
Rocky,  Mountain  Region.    No  funds  were  made  available  from,  any  . 
governmental  organization  for  the  purpose  of  designing  or  constructing 
this  solar  heated  house,  and  it  was  not  part  of  any  demonstration 

3  / 

f  • 

program.    Rather^  it  simply  involved  a  private  citizen  whcf  was  Interested 


«  « 


in  putting  a  solar  heating  sj^stem  into  hiS"  house.    He  was  motivated  : 
largely  by  the ^^'ff ici^hties  he  had  experienced  in  obtaining  propane 
for  Sfiace  heating  purposes.    The  system  consists  of  flat-plate  air- 
heating^collectors,  pebble  bed  storage^jind  art  electric  auxiliary  heater. 
-JThe  construction  was  comp^leted  in  the  f§H  of  1974."  Design  data  for 
the  house  are^hown  in  Table  2-4.  *Here  we  sjae  that  the  rati^^f  collecto 
area  to  floor  area  is  1  to  3, -the  ratio  of^  storage  volume  to  coMector  ^ 
area  is  approximately  .25  cubic  feet  of  rDck  pen^quare  f^  of  cc^ector 
-and  the  system  cost  is  approximately  $19  per  square  foot  of  installed 


Tcfble  2-3:    Design-bata  for  CSU  Solar  House  III 


Floor  Space 
Collector  Size 
Collector  Type 
'Storage  Volume 
Storage  Medium 
System  Cost  • 


^3000  'Ft^* 
512  Ft^ 

Evacuatqit^ube  (Li 
1200  Gallons 
Water 

$28,000  (estimate) 

•/ 


Figure  2-2.    The  WellingtonJ^esidence 


Table  2-4..  Design  Data  for  Wellington  Residence 


Floor  Spc^ce  p  '\/3600  Ft^ 

Collector  Size  -v  1200  Ft^ 

fonector  Type  Sat  Plate  (Air) 

Storage. Volume  ,  /336  Ft^ 

Storage  Medium  .'  Pebbles  {-vlQ  tons) 

System  Cost  -  ,         -  ^13/100 


.collector*.    Thjs  was  one  of  the  earliest  commercial 

/  ^ 

installed  under  contract.  '        /  ^ 

.    /[  ^ 

.Figurfe  2-3  shows  the  Eco-Era^House  No.  1.    This' was/the  first 

'      .     ^'  /  / 

sol^ar  spec  house  .built  in  the^tfnited  States.    The  sys;Kem^  completed 

in  June  1975,  is  an  air-hearing  solar  system,  and  ^e  total  construc- 
tion, including  the  sola/^ system  was  privately /(Jnded.  "^A  modified 
version  of  this  house^lias  been  built  in  Fort yCol Tins  as  part  of  the 
U.  S.  Department  or  Housing  and  Urban  Development  demonstration  program. 
Design  data  fm/Eco-Era  No.  1  are  shown  in  Table\2^  Here  we  see 
the  ratio  ypt  collector  siz§  to  floor  area  is  af^praximately  1  to  5, 
the*  ratio  of  Sytfo rage-volume  to  col lector^ize  is  slightly*  less  than 
.5  cubic  fe^of  rocks  per  squffT^  foat^^  collector,  and  the;  system 
cost  was/^proximately  $18^(f^per^^uare*        of  inStal  led  col  lector. 


"figure  2-4  shows^^he  Eco-Era  No.  2  house  that  was  compTeted  in 

S^tember    1976.    Design  data  for  Eco-Era  No.  2  are*shown  in 

Table  2-6.    We  observe  that' the  ratio  of  collector  size  to  floor  area 

is  1  to  5,  the  ratio  of  storage  volume  to  collector  size  is  approximhJ:eTy 
3         -  ^  ' 

0.5  Ft  per  squarp  foot  of  collector, and  the  system  cost  was 
approximately  $28  per  square  foot  of^installed  collector.  The 
EcorEra  l^artd  2  houses  are  of  partj^ular  interest  since  they  represent 
multiple  experiences  at  building  s4fln1jar' houses  using  the  same  bas"ic 

solar  system. _  ^  ^ 

'     .         '  .  •  ;       ^      ' : 

Figure  2-5  shows  the  first  solar  heating  system  on  a  military 

♦  ' '  *^ 

installation.    This  was  a  retrofit  of  one  of*  the  housing- units  at 
*  *•  * 

the 'United  States  Air  Force  Academy.    It  inched  both  a  roof  array 
and  d  ground  array  of  flat-plate  water  heating  collectors.  Design 
data  for' this  solar  installation  are. shown  in  Table  2-7.    In  this  case. 


/ 
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Figure  2-3.    Eco-Era  No.  1 


Table  2-5.    De?ign  Data  for  Eco-Era  No.  1 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volumje 
Storage  MecM.ym 
System  Cost 


7- 


1/ 


1560  Ft' 
432  n\ 

Flat 'plate  (Ajr)  ' 
1?0  Ft^'       ^  ■• 
Pefebles  i'^lO  tons) 


$8,000 


/ 
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t  0 


Figure  2-4.    Eco-Era  It).  2 


Table  2-6.    Design  Data  for  tco-Era  No.  1 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


1950  . 
39Q  F±^"  ' 
Flat  Plate  (Air) 
195  Ft^  ■ 
PebbTes  {'\'12|:ons) 
-^Ml ,000,  ~ 


.  ♦ 


Figure  2-'S.    USAFA  House 


>  ft: 


.-\  ft 


-  '  '  'Table  2-7.    Design  Data-  for  USAFA  Installation 


Floor  Space 
Collector  Size 
Collector  type' 
Mstorage  Volume 
Storage  Medium 
^    System  Cost 


ERIC  ^ 


^665  Ft' 


613  Ft^ 

Flat  Plate  (L'iquid) 


2500  Gallons 


'$25,000  , 


4* 


^we  see  the  raxio  of^col  1  ector  area      fl&or'ar^  is  slightly  gi^eater      '  ^ 
than  1  to  3,  the  ratio  of  storage  volume  ^LpW^^^^^r  size  was  apprQ)ynia±e.ly 
4*  ga>loffslyO|.  water^per^  squaf;e  foot  of  collectpr^  and  iHe  systeirr ^cost 
.  was  approximately  $50  per  squarfe  fo^t  ^•o^i  nsta  11  ed^Goll^ctor*  , There 
are  many  factors  that  must  be^ak^o^into  consideration  for -the  system 

*         >     ^        •  •    •     w  c 

cost, and  this  is  not  to  l?e  interpreted  as  a  represi^ntciti ve  figure  for 
conm^cifil  installations.    Also,  it  should  be  pointed  out  that  based 
on  operational' Experience  gained  during  the:last  ye^r/',the  storage  ^ 
volume  was  ^ecreased*by  a  factor  of  approximat^ely  2:    This  system-  . 
^iwas  compl^dd  during  the. autumn  of  1975.^       ^  j 


/Figure  2-6  shows  ^^fe1?hoenix  hqu^e  in  Colorado  Springs ^*'Co'larado. 
This  h6use  was  completed  i/i  Jline  1974.    The  system  is  a  solar-assisted 
heat>  pump  arrangement.-  •  ftef^^^'^i^e  two  collector  arrays  on  the  housed 
separat^.t>y flat  rpof  wTiich.is  covered  with  whi'te  qu^trtz'  to  ini^||^se, 
the  reflected  radiation*on  ttt^  top  ar)<ay  6f  coVlecCors .    The  tVansoort 
fluid  in  the  e\)llectors  is  Dqwtherm  J,^'and  ^tl-^^j^orage  flui'£l  is  water  -  • 

in  an  undprground%tan(^jp  An  air-to-air  Ijeeft  pump,wa^  used,  dur.ing'  the,,-  . 

.    '  •  >  .     1^-  .  ^  '      ^       '  *  •  .  ^ 

fiKst  year  of  test^operatibn,  and-was  changed  ^0*  a -wa'ter- to-air  heat'  ^-  ^ 

pump*  iTrl975.    Solar  heatefl  wat^  in  the  large  undergriund  tank  is'.     '  • 

^  '\      •  ;  "  '  * 

used  as  the  primary^^j^nergy^^^s^^N^  ♦for  tne  h^at  pump.        '         ^  ^ 

The  design  data' for.  1;he  Phoenik  hoyse  are  s+iown  in  Table  2-8/  We 
observe  that  the  ratio  of»collector  arga^to -Hoor  area\is  approximately  . 
rto  3.  .The  storage  tan>!  capacity  is  8000  gallons,  but  t|)e  tan1(*Has 
^en  ,fjlled  to  approximately  2500' ga,llons  since -the  initial  in^stiga^tions 
Were  conducted.    The  ratio  of  storage'  volume  to  collector  area  >s 
approximately  3  gallons  per  square  foot.    The  sysjtem'"  cost  "was.  about 
$14  per  s^quare'foot -of  .installed  collector.  t- 


'Ti'g^ure  2-6 •    Phoenix  House  in  Colorado  Springs  ♦^Colorado 


TabVe  2-8.  Design  Qata  for  the  Phoerfix  Houses ' 
FJoor  Space 


2190-  Er 
v780  Ft' 


'  Collecttjoc^  Size 
Cp^l  Tec^or  Type 
Storage  Volwijie  '  " 
Storage  Medium 
System  Cost  i  ^  . 

The  volume  of'watef  in  storage  ha^  been  varied  between  2500* "and 
■  7000  gallons.    '  '  '  ■.  '  /    ^  - 


<1 


Flat  Plate  -(Liquid) 
* 

Variable 
Water 
$11.1 22'  , 


'*  */Figur&  2-7  shows'  a  1  iquid-hgating  solar  system  installation  that 

%    *         '  ,      *     ,  *  *•  • 

wa's  ^completed  in  Aspen,  Colorado, during  the^jaitumn  of  1975.    The  solar 

'sys,4eSii  *is  being  used  to  provide  space^^heati ng  for  the  pool  enclosure 
/     "  '  .  *     •     '  '  .  * 

(prr-wKfch  the  collectors  are  sbovYn)  and  heating  of  the'  swiirmijig  pool. 
^  '  A        '      .      •  '     •     •  •     '  '       '  ' 

The  design  data  for  tliis^  Installation  are  shown  in  Table  2-9.  Here 

^we  prbserve  a  ratao  of  collector  area  to  floor 'area  of  approximately 

1  to*4,  a  ratio  of  storage 'vAlume  to  collector  area  of  approximately  . 

2^ gallons  per , square 'foot, and  the  system  cost  of  $25  per^square  foot  of 

ins  tallied  collectors.       '  -  /'  -   *  *  • 

Figy^re  2-8  shows -the' SECO  house,  that  was^ constructed  ne'ar  Fort 

^ Coll  ins /Colorado^during  the  summer  and  fall  of  1976.  ,The-iSystem..uses 
'  -  \^  '  ~  * 

aluminu)n  water-heating  collecto^rs,  a.s^torage  tank  and  an  auxiliary  ^ 

heating  unit.   The  design  data  for  this  house  are  shown  in  Tabl.e  2-10.  ' 

*  (A 

>  We  observe  that  tfie  ratio  of  collector  size  to  floor  spacer's 
appjroximately  l^to  5,  the -ratio  of  storage  volume  to  collector  area. is 
aiboiJt  r*65;  gallons^  per  square  foot, and  the'systeifi  cost  was  nearly 
$19  per  sqi^re  fjoot  of  installed  ^collector .  * 


r    i^PERATION  .OF  AIR  SYSTEMS'   .    '  -  '  . 

4^  ...........  '  '\  *  % 

Figure  ?-9  shows  a  schematic  repV^esentatl.o/i  af^^the  ^ysteqj  ia-CSU 
Solar  II.    Tj^is  IS  a  represe,nta±AVQ,Jnstffll^tipn  for.- a iV  systems •  ihe. 
^system  opera tion»J^^,descr>bed  below,  when  solar-heated  air  is  sup|Jlied 

.directly  .to  the  r^onls  in  the  building..^^'  ^  ^ 

.  -  -  '  -       ^     ^    '    .  S  . 

•We  will  trace  the  flowof  air  JLhro^gh  the  system  starting  from  tb€ 

_  .     .     '        r  *  \  ^ 

•room. air  return  indica^l5if-"%y  the  arrow:   The  alf/wi'irffSw.  through""  th'BT 

duct  and  be  prevented  from  being  exhausted,  by  TnotorizeB  damper  MDf .  - 
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o 


>     Figure  2-7.  T Aspen  System 


<■  ■    ■  ■ 


'V 


\     ^Tab1e*2-9.    Design  Data  for  Aspen  Installati 


on 


poor  Jpace 
^oTJector  Size. 
Collector  Type 
'Stora^e'^'VoTume- 
Storage  M6dium 
System  C6st 


!  1840. 

420  Ft^. 


/ 


Aluminum  VReynolds) 
-v^OO  Qal/ons 
Water  y. 

*  $ro5o/       <  . 


iff  V 


ERLC 


59   ^  , 


2^16 


•  *   figure  2-8:    SECO\Hou§e  Near  fort  Collins,  Colorado 


0  • 


Table  2-10. ,  Design  -Data  *for  the  SEGO  HouSe  V 


Floor  Space 
Collector  Size 
Conect6r:Type 
^  Storage  Volume 
Storage  Medium 
System  Cost 


^  I. 


-   n'at  Plate- (tfqufd) 
'1056  GallQrxs 


ERIC 


60  o 


I  i 


4^  * 
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SOLAR  HOUSE  £l 

AIR-HEATING  JSOLAR  SYSTEM 
AND 

NOCTURNAL  COOLINq 


Figure  2-9, 


ScherhatYc  Representation  of  ^SU  SoUr.II'  System 


ERIG 


„       2-18  t 

The  flow.will  then  proceed  through  the  other  path  and.be  prevented  from 
going  through  storage  by  motor ized^ampers  ^  and  3.    Motorized  damper  . 
5  will  be  open  to  allow  the  air^^^flow  up  to  thB  supply  manifold^ shown 
-ion  the  bpttom  side  of  the  collectors.    The  air  will  flow  through  the 
collectors  arrtj^be  heated  in  the  procesi^i^  It  will  then  be  returned  from 
the  top  of  the  collectors  by  flowing  down  tKrougff  the  (ducting  containing 
the  ai'r-wateV  heat  exchanger  shown,  in-.the  figure.    Motorjzed  damper..  ^ 
number  3  will  allow  the  hot  air  to  flow  to  the'main  blower.    The  air  will 
come  out  of  the  main  blower  and  proceed  toward  motorized  damper  number 
2,  which  will  direct  the  flow  toward  the  auxiliary  heater.    If  the 


temperature  of  t,he  air  is  sufficiently  high  to  provide  .the  required 
heating,  tliKLjuxil iar^^  heater  wil]  not  be  turned  on, and  the  warm  air.wiir^'* 
be  supplied  to  the  room  as  indicated  by  the  arrows  labeled  room  air  supply. 
In  the  event  the  air  is  not    heated  to  a'  sufficiently  high  temperature* 

in  the  collector's,  the  auxiliary  heater  wilT  be. turned  on  to  boost  the 

^  '  >  '  ' 

* ,  .  »        "  ' 

temperature  of^the  air  being  s^jpplied  to  th^  room. 

In  the  storage  mode,  molomed -daipper  2  will^divert  the, flow  Vf  .fiir 


ERIC 


from  the  main  blower -toward  the  top  of  the  storage /bed  as»  indicated 
in  Figure  2-9;    The  hot  air  will  enter  the 'top  of  4the  storage  bed, 
will  give       its  heat  to  the  pebbles,  and"  wil  1  be;extiausted.from  the 
bottom  of  the  storage  bed  as  indicated;.    IrTthi^s  tase,  the  back 
draft  damper  (BDD)  and  motorized  damper-4  v^ill  be  closed, and  motorized 
damper  5  will  be  open.  Jlence,  the"  air  will  .flow  back  up  to  J:he      "  .  t  ^ 
supply  manifold  on  the  collectors,  be  heated  by  the  col  lectors  jand  * 
flow  into  storage  to, complete  the.  cycle/  .  \^ 

In  "order. to  heat  the  encjosure  from' storage,  the^room  air  will 
"enter  the  system  at  the  ppint  4abel^d  room  air  return  and  will  flow  tov/ard 
the  Storage  bed^  '  Motorize'd-damp^rs.'4*  and  §  will  be  closed,  thereby 
forcing  the  cool  air  into'the  bottom. of  the  storage  bed.    It  wil^flow  up 
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4  ^         •  ^ 


.through  the  storage*  bed,  be  heated  .in  the  process  and  will  exi.t  from 

the  top  of  the -storage  bed  toward  motorized  damper  num'ber  1.  Motorized' 

damper  1  will  direct  the  flow  toward  motorized  damper's,  which  in  turn'  . 

will  direct  the  flow  of  air  to  the  mainTTower.    The  air  will  exit  the  . 

main  blower  and  proceed  toward  motorized  damper  2,  which  will  direct  the 

.  flow  toward  the.,auxil  iary  heater!    From 'there,  the.process  isythe  same 

as  that*described  for  heating  dir^tly  from  the  collectors.   ^ 

"The  service  hot  water  is  obtained  from  the  air/water  heat  exchanger 

shown  in  the  return  air  duct  from-  the  collectors.    The  water  in  the 

prejieat  tank  i^  pumped  from  the  preheat- tank,  through  this  heat  exchanger, 

and  returned  to  the  preheat  tank.    Hot  water  thU  is^  taken  , from  the  booster 

tank  is  replaced  by' water  from  the  preheat  tank.    During" summer  operation,  - 

when  it  is  not  desirable  to'have  heat  in  the  storage  bed,  the  service 

^     -J  ■  .  ■ 

hot  water  is  obtained  in  the  following  manner.    Hot  air,  after  passing    ■  .  . 

by  the  air/water  heat  exchanger,  is  diverted  toward  the  auxiliary  blower' 
t+irough  the  small  duct  shown  between  the  auxiliary  blower  And  the  return 
air  duct,  ^^auxilia^y  blower  then  supplies  air  to  th'e  sJf)ply  manifold  ' 
of  the  collectors.    It. is  heated  in  the  collectors  in  order  provide 
for  service, hot  water.  , 

Thef-e  are  obvious  variations  pn  thfs^system  that  one  could  develop.' 
For  example,  it  mi'ght  be  desirable  to  take  warifi^air  from  the  attic -of 
a  house  to  circulate,  through  th4  .collectors  and  provide  for  service  =  ■ 
hot  water.    This  warm'  air  could  then  be  exhausted  to  the  outside  and  replaced 
by  warm  air  from  ' the  attic.    This  procesr  would 'serve  to^provi.de  Tor    •      *  ' 
service  hot  water;,  in  the  summer  and  also  some  cooling-of  the  house  by  .  ■ 
getting  hot  air  out  of  the  attic.  •    ..    .       .  1^ 


The  nocturnal  cooling  shown  in  Figure  2-9  operates  as  follows! 
During  the  summer,  when  cooling  may  be  desired,  the  rock  be^i  can  be  ^ 
cooled  at  night  by  br.inging  cool  night  air  in  at  the  point  indicated 
in' Figure  2-9.    This  cool  night  air  is  ^educed  to' wet- bulb  temperature 
by  the  evaporative  .cooler  and  is  then  sent  to  the  storage  bed  by  passing 
through  rnot)irized  damper  3',  the  main  blower ,^  and  motorized  damper  2.  It 
passes-  throu*  the- storage  bed  ^om  the  to"p  to-bottom  and  is"  exhausted 
to  the  outsid'e  by  pa>ssing  through  the  motorized  damper  4.    In  this 
.case,  the  back  draft  damper-  is  closed.   Jf  this  'system,  operates  during  . 
most\pfthe>i'ight,"the-n  there  will  be  cool  rocks  in  the  storage  bed 
from  which  cool  air  can  be  obtained  the  following  dayf    The  cooV  air 
is  obtained  by  taking  warm  air  in  through  t;he  .room  air  return,  pass ipg 
it  through  the. storage  bed  from  the  bottom  to  top,  then  out  of  the 
storage  bed  through  motorized  damper  3,  the  main  blower,  motorized  dampe 
2, -and  to  the' room  air  s'upply.  _  ' 

A  simplified  schematic  of  a  typical  air  system  using  two  blowers 

■       A  • 

i-s  sh()yin  in  Figure  2-10.    The  system  represented  in  *his  figure  v|ould 
require  two  blowers  and  two  3-way  damper^.    For  the  system  as  shown,"  ^ 
if  blower  number  1  is  turned"  oil,  the  pebble-bed  storage  will  be  heated. 
B-y. changing  the  positions  of  tM  dampers,  the  building  could  be  heated 
d:irectly  from  the^col  1  ectors ,  usingJaJower  number' 1  '  and  blower  number* 
■2,  or  the;  building  could  be  heated  frorp  storage  by  using  blower  number 
2^and  having  the  damper^' direct  the  flow  through  the  storage  "in  the 

•  ^ 

opposite  direction.    •  ■  .  '  . 

The  use  of  two  blowers  can  be  avoided  by  utilizing  an  arrangement 
as,  shown  fn  Vi'gure  2-11.    This  system  is  representative  of .  the  system 
Installed  in  CSy  Solar,  II,    The  ducting  .maybe  more  extens-i ve^ but  a 
second  blower  is  eliminated.  •  '    •      '  . 
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Figure  2-10.  ,  SimplrFi^d  Schematic  of  an  Air  System 


WATER  SYSTEMS 


'  Figure  2-12  shows>a  -schematic  r*epresentation  of  the  solar  equipments 
in  CSU  Solar  I.    Tjns  represents  a  typicaK installation  involving 
v^t'er  as^the  transport  me'dium  and  storage."  The  heavy  li/ies  indicate 
the  flow  In  the^^ollector  loop.    Th^  diagram  illustrates  the^ituation 
when_h5a.tH|3bevng  stored  from  tli.e  collectors  via  the  collector^  heat  ■ 
exchanger.    The  vyater.is  shown  coming  down  from  the  collectors,  going  "  - 
tp  the.^A)llector  heat  exchangers,  out  of  the  co-llector  heat. exchangers, . 
and  tl^en  through  the  pump  labeled  P4/and  finally  back  up  to  the  col  lector. 


ERIC 


\ 


65  . 


LEGEND 
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Figure  2-11/  Schematic  of  an  System 
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.  ^      ■    •  .  -2-23  ,    '  • 

'  The  remaining  flow  is  shown  coming  out  of  the  bottom  of  the  thermal 

storage  unit,  going 'through  pump  P3,  then  through'  the  collector  heat  ' 

exchanger  and  back- to  the  top  of  the  thermal  storage  tank.    The  con'trols 

required  for  accomplishing- this  task  will  be  discussed  later.  ^ 

Figure  2-13  represents  the  situation  wher^  heating  fs,'being*  supplied 

•  '  '  ' 

from  storage  or  the  auxiliary  system;  again,  the  heavy-lines  in  this 

♦ 

.  figure  represeht  the  flow.    The  water  is  shown  coming  out  of  the  top  of  ' 
the  thermal  stor^ige  unit,  going  down  and  over  through  pump  PI,  then    *  ' 
up  through  valve  VI  to  the  heating  coils.  ^The  heating  coils  are  simply 
a  water-to-air  heat  exchanger, and  the  output  from*  the  heating  coils 
is  warm  air"to  be  supplied  to  the  house,  lifter  passing  through  the  heating 
coils,  the  water  is  directea  either  back  to  the  thermal  storage  unit 
or  to  the  auxiliar^o^t  water  boiler  by  means  of  valve  V2.'  The  ^  ^' 

auxiliary  hot  \yater  boiler  is  utilized  if  there  is  not  enough  heat  in 
Storage  to  satisfy  the  demand  heat  load  for  the  house.    The  system  as  ' 
shown  here  will  obtain  heat  either  from  the  solar  storage  or  from 
auxiliary/  but  not  from  both  simultaneously.    The  house  was  constructed 
so  that  thii  latter  ^ode  could  be  util ized,.  ^nd  this  will  be  done  sometime 
in  the^fi^ture- in  order,  to  compare  the  differelit  operational  strategies. 

figure  2-14  represents  the* method  by  which  service  hot  water  is 
obtained  from  the  so.l a r  heating.    Here,  the  water  is  shown  coming  from 
the, top  of  the  thermal  storage  tgnl^'and  to  the  ^put  side  of  the  hot  water 
heat  exchanger,  then  but  of  the  hot  water  heat  exchanger  through  pump/p2 
and  back  to^e  thermal  storage  un'it.    The  other  side  of  the  heat  exchanger 
is  connected  to.  the  80-gal-lon  ]iot  water  preheat' tank^.^  In  this  loop»  the 
flow  is  out  of  the  preheat  ^tanki^ 'then  through  pump  PS,  then^to  the  hot, 
water  heat  exchanger/ then  out  of  tHe  hot  water  heat  exchanged*  and  hacli,' \ 
to  the  preheat  tank.    This  preheat  tank  fs  connected  to  a, standard 
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Figure  2-12.    Mode  1  -  Solar  Collection  Using  Heat.  Exchanger 
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.  Figure  2-1^;   Modes  I  and  2^Space  Heating  , 
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Solor  . 
Auxiliary 


40-'gi9llon  hot  wa^er  Ji^^ter.    The  cold  wat^r  mSik^tfff  enters  the  , 
80-gallon  preheat  tank.    .  ^  *     '  ^^^3 

Finally,  Figure  2-15  sWs  the  case  ^of  solar  coolingi^from  thg 

X 


4  •  ilk. 

S^torage  or  the  auxil'iary  boiler  unit..  This  ,is  similar  to  ^^EarTier^ 

figure  that  sh^ed  the  heating  sifiration.^ In  this  case,  mWe^,''  / 
valve  \/|Wirec.ts  the  flow  to  the  filhium  Ijromide  absorption  refrigera^ioi 


pon 

unit:  Jhe  flow  is  then  either  returned. ^tb  th^  thermal  storage'unit  or 


directed'to  the  auxiliary^hWt  ^w^ter  boiler  by  valve  V2.,  /Vgain,  the  ^ 
•auxiliary  hot  water  boiJer  is/uti-lized  when  there  is  not  sufficient  heat 
in  tffe  storage  i^k  to\operate  the  generato>  on  the  air  conditioning 
unit.  ♦The  .oj^tput  of  this  system^is  cool,  dehumidifie^d  air.to.be  us^d 

to  cool, .the  hogse.  ^         .     /         ^  '  .  '  i  ' 

■  '         -  X?      '    '     '  ^  ■ 

/  ^i^lternativer  strategies  arfd  systems  may , be  used^^r  both  fieating  ' 

*     \  \         4         '  ft  •  * 

and  cooling.'  ^dme  of  .these  will^  be  di'scussed  in  other  modules. ^ 

•         '.    DOMESTIC  HOT.  WATER  SYSl'fMS  •.   .  • 

'  -There  may  be  many  cases,  in  which  "i^r^is  des4rabTe-^o  ha^e  a  soUr 
-service  hot  w^er  S3l||||^m  and^ot  consider  sp*ace  heatinig  or  'spac^/   *  '  •* 

.•cooling.    In  this,  section  we  .introduce  the  conc?|>t  of  solar  service 

^    *  ^     '  '  -  -  ^  0.       ^       .     ■  : 

hot  water  systems  and  present  somei^chematic  repres'entations  of  .  *  '\- 

possible- configijrtlations.  '       '         ^   '  ,  •       -  ^ 

The  .-basic  components  are  still  the  coll'iector  array,  the  storage, 
a  pump  or  blower,  the  controller, , and  possibly  a  heat  exchanger. 
There  are  several  companies  mart^etifig*' iol^  service  hot  Water  systems^ 
at  th6  present  time.  "One'mgy  purchalse  a 'complete^  system  oic;^^j^tn stead, 
one  may  el  feet  to  purchase  tbig^componentl  and , assemble  ^e  system. 
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Figure  2-15:^  Modes  1  and  2^Sj)ace  Cooling 
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A  configuration  using  a  water  collector  is  shown  in  Figure  *  ■ 

'  There  is.ne  heat  exchanger  required  in  tliis' system  and  there 'is*  no 
y  corrosion  inhibitor  or  antifreeze- solution  added  to  the  water;  ^  y 
^     Consequent!:^,  this  system  would  n.ot-bfi  reconmended  for  cold  climates 
.  unless  the  collectors  are  to  be  drained*  when  not^p^ertftjng  or  pulsed^ 
whenever  the- temperature  of  the  water  gets  near  freezing.    »      '  V^- 
Figure  2-17  shows  an  alternative  arrangement  for  ;j  solar  service 
'^hot  water,  system.    T|iis  sy.stem  wouldrbe  required  in  a  situatio.n  vfh^re'^. 
a  non-potable^soWtion  has  been  added  , to  the  collector  transport  fnedi|im. 

The  double-wall  heat  exciianger  affect  can  be  achieved  by  a  ^yst^em*^ 
as  shown  in  Figure  2-18.    Th-is  system  would  use  a  fiberglass,"  glasl-lined, 
or'^tainless  st^el  storage  tank  for  which.no  corrosio.n  ^inhibitor  is, 
^required.    This  system  is  obvious ly^more  expensive  than- tho'^e  shown' 
previo'usly.      -  ,  •  '     ,  •  ;  .  . 

.  '     Thei€  systems  will  be. discussed  In  greater  detail  in  a. later  ^ 
.  module.    *  >      ^  '       .  ,  • 
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GLOSSARY  OF  TERMS 


Bqam  Radiation 

Declination 

Diffuse  Radiation 
1*  * 

Direct  ^Radiation 

Sofar  Radiation 

Sol  ar  Weather 
Tilted  Surface  - 


Radiation  reaching- the  eajth^  surface  from^h|^ 
solar  disc.  •     ,    5       "  ^  '  "       'i^. • 

Position  pf  the  sun  releitiye  to  .the  equatorial^/-- 
'pTane  at  solar  noqn,    .  -  \  . 

Radiation  reaching  the  earth'^s  surface  from  180 
degrees  hemisphere, .^ixbTuding  the  beam  radiation. 

Radiation  reaching  the  earth's  surface  from  th^^ 
salar  disc.       .  .. 

Portion  of^total  radiation  which  is"  useful  for 
solar  heating  and  cooiing  systems/ 

Climatic  facto^  which  influence  solar  collection 

Tilted  with  respect  to  ^he  horizontal .  ^, 


i  /  '  ■  ' 

LIST  OF  SYMBOLS  ' 


A.verage  daily  diffuse  radiation  for  a  month 

' .    ■     "   '  '  *■ 

Monthly  average  daily,  total  radiatfon  on  a  horizontal  surface, 
Btu/.(day)(ft2)        -  .  ■ 

■  ■  -  -  -         ■  ' 

Extraterrestrial  dail^  radiat.ion  on  a  fjorizontal  surface  for' 
the  16th  day  of  the  month,  Btu/(dayi) (f t2) 

»   

'Monthly  averaged  value' of  extraterrestrial  radiation  oTi  a 
horizontal  surface,  Btu/(dayO(ft2) 

Radiation  xfr)  a"  tilted 'surface  averaged  ovef*  a. 'day, 
,^tQ7(day)(ft2)  ^ 

Traction  of  solar  energy  which  penetrates  through  the  ear;t*h's 
atmosphere  on  daily  average       ^  ' 

•  Number  of*  days'-from  January^ 

'  Fraction  of  average  daily  radiation  on  tilted  surface  compared 
with  a  horizontal  surface 

Ratio  of  the 'average  daily  beam  radiation  on  a  xtil  ted 'surface 
to  that  on  a  horizontal  surface 

Collector  tilt  angle  from  horizontal,  degrees 

Temperature,  °F  '  ^  , 

Time  variable 

.Sunset  hour,  angle,  degrees  from  solar  noon    _  .  '  ^  ^ 

Position  of  the  sun  relative  to  the, equatorial  plane  at  solar;, 
.noon,  degrees 

Latitude  angje,  degrees  (north  plus)  *  ^ 
Reflectivity. of  mateFial  or  ground  surface 


•  OBJECHVE 

'■■■(■■    ,     ■      >    -  -  \ 

The  objective  ,of  t^iis  mod.ule  1s  for  the  trainei  to  be'able  to 
determine- the  radiation  on^a  tilted  .collector  surface  by  using 

the  charts  and  figures  presented  in  this  module.        \  * 

«  '  ■» 

THE  NATURE  OF  SOLAR  RADIATION 

The  energy  from  the  sun  is  derived  from  thermonuclear  reactions 

in  its  core.    This  energy  makes  its  way  to  the  sun's  exterior  layers 

fr^^Mf^/lxigh^^    is  radiated  into  interplanetary  space.    The  radiation 

consists  of  particulate  radiation  and  electromagnetic  radiation. ^  The 

particulate  radiation  consists  of  electrons  and  prdtons  and  is  commonly 

referrecl^to  as  the  "solar  wind".    The  electicQmagnetic  radiation  is  . 

what  is  commonly  referred  to  as  "solar  radiatibrr''''aiT4  it  is  this  radia- 
te 

tion  that  partially  penetrates  the  earth's  atmosphere  and  is  utilized' 

«  *  '  • 

in  a  solar  heating  or  cooling  systenr.    Thisfsolar  radiation  varies 

inversely  with  distance  from  the  sun.    Since  the  earth's  distance  from 

the  sCin  varies  by  only  about  three  percent  during  the  course  of  the 

year,  the  amount  of  solar  radiation  reaching  the  upper-. limits  of  the 

earth's  atmosphere  is  essentially  GOdstaht.    Ty.s  is  referred  to  as  the 

"solar,  constant"  and  is  defined  as  the' solar  radiation  received  on  a 

unit  area  of  surface  per  unit  time "perpendi'culac  to  the  radiation  at 

the  earth's  mean  distance  from  the  sun.    Recent  measurements .of  the 

solar  constant  have  indicated  that  its -value  should  be  .1353  watts  per 


square  meter  (428  Btif  per  square  foot"  per  hour,  4871  kJ  per  square  • 
meter  per"tiour,  or  1.940  calories  per  square  .centimeter  per'minujtfe). 
(Ref.  1)       ■  *      ,      .     \  "  .  .     '      ;  . 

The  ar^qunt  of  radiation  on  a  surface  perpendicular  to  .the  soldr'^ 
radiation  at  the  mean  distance  of  the  earth  from  the  sun  is  essentially 
constant,  but  the  amount  of  solar  ra^iiation  that  reaches  the  surface  of 
the  earth  will  viiry  with  respect  tojatitude  and  time  of  year.    It  Is 
necessary  that  this  "solar  weather"  be  known  in  order  to  design  a  solar 
system.  '  - 

V  » 

RADIATION  ON  A  HORIZONTAL  SURFACE 


Hottel  and  Whill  ief  j(Ref .  2,  3)"  first 'developed  a  comprehensive 
approach  toa  generalized,  long-term  description  of  solar  weather. 
Using  their  "util izabil ity"  method,  j't  is  possible  to  separate  the 
treatment  of  solar  radiation  *d)s^a  from  the  physical  and-  geometrical  t 
characteristics  of  a  particular  collector.    It  is  not  sufficient,  for 

^purposes  of  predicting  detailed  collector  performance^,  to  use  only  long 
term  daily  or  monthly  averages*  of  solar  rad.iatjon.  Hourly, fluctuations 
0*  radiation  about, these  average  values  must  be  taken  into  account.  ^ 
This  is  accompl ished 'by  using  hourly  radiation  data  fq^a  particular  "  . 
l9cati*on  over  a  period  of  several  yeans  to  establish' a  set  of  ra^ation 
distribution  and  ^-curves.   The  <^  ^"util  izabil  ity"  function  is. of 

^centrail  importance  and  accounts  statistloal ly  for  the  effect  of  fluctua- 

tions  in  solar  weather  on  collector  performance-.  %  use  Of  the  t^^iliz- 

'  •«  *  **  "  ^ 

ability  function,  accoun^  is^teiken  of  the  t^ct  that  ^nly.a  cfertain 

^  '  J         '    '  Jl^ 

'l^erage  "^fraction  of  the  incident  >^di  at  ion  Ion  a- collector  can  be 


"ujtilized",  i.e.;,  converted  to  usable  heat  at  a  given  collector  plate 
temperature,  "  V  j  « 

-LIU  AND  JORDAN  METHOD 

The  (|)-£urves  of.Hottel  and  WhilHer  are  s'ite-specific;  a  set  of  dis- 
tributiori  and  (j)-qiirves  must  He  generated  for  each  location  using  solar; 
radiation  over  a  three  to  five  year  period.    Liu  and  Jordan  (Ref.  4,  5)  ^  . 
showed  that  the  long-term  solar  weather  at  any  location  can  be  charac-|Blf 

*teri zed- surprisingly  wgll  by  just  two  site-specific  parameters:  - 

,  _  "         H      -    .  monthly  average'daily  tQ.tal  radi&tiOD  on  a  horizontal' 
.  "  V  surface        .  '     ^  '     •  ■     .  *  ■ 

where/H^  is  the  extraterrestrial  daily  radiation  on  a  horizontal  surface, 
calculated  from  the  equation^  of  splar  geometry \for  the  16tk  day  of  each  month 

The  term,  Kj,  introduced' by  J^iu  and  Jordan,  can  be  considered. as  a 
"cloudiness  index"  which,  together  with  H,  .characterizes  the  solar 
weather  for  a,  particular  month, A  large  value  Qf  Kj  indicates  sunny 
and  rather. uniform  clea>^eather.    A  small  value  indicates  cloudy,  mofe  v 
fluctuating  weather.    In i|iost  cases,  Kj  is^found^to  li^  range 
from  about  0.3  up  to*0.75.        •  .  ~  .  ' 


,^^4/alues  for  IJ"  and  Kj  and  av^gjge  ambient  temperature  ar6  pitesented  *\ 
Tn  Table  3-1  for  a  number  of  selected  lo&abions.    These  dre  taken-.from 
^J^eference  4;    However,      we^s,  defined  in  this  case  as  the 'ratio  between^  ^  . 
'the'^^verage  radiation  on  a  horizontal*  surface  and* the  extraterrestrials  . 
radiation  .on  the  sixteenth  of 'each  month.  \      ,   .  »  /  .  ^. 

It  i.s  necessary^that  FT  anxl  be  known  in  order  to  'calculate  -  '  . 
.colledtor  per^rmance.  Collector  perfj)Vmance :w111,^  discussed  in  a  . 
•  later  module.    Fqr  now  we'must  content  ourselves  with  learning  how  to        .  V 

-in       .         ' '  '  ^      ^  * 

'esti-mate  the  radiation  that  wil]  be  recejved  ffy  a  col  lector.. 


KLEIN>  DUFFIE,  AND  BECKfj&N  METHOD  ^  ' 


^J^liu  and  Jordan  approach  has-been  modj^fifed  by  Kl-ein^-rDuffie/^and 


.Beckman.    (Ref.  6„|^  In  thj^  approach,  Kj  is  defined  as  the  ratio'between 
the  monthly  average  daily  total  radiation  on  a  horifqntal  surface  and 
the  mean  daily  extraterrestrial  radiation,  H^,  where      may  be  calculated 
fxom  the  equation: ' 

At 

0^ 


[cos  ({)  cos  6  sin      +0)^ sin  ({>  si'nls] 


dt 


[3-1] 


where  At  =  1  montt<|^I^^'^  is  the  solar'constant,  ()>  is  the.  latitude,  .6  .is 
the  so|kr  declination,  and  w    is 'the  sunset  hour  angle.'   This  is  described 
on  the -.following  sketch.        *    ^  -     ^     .  ' 


, Since  the  spin  aJcis  of  the  earth  is  tilted  relative  to  -the  ecHutic 
plane,  as^showp  on  the  sketch,  the  amount  of  radiatibn  on  a  horizontal 


surface  of 'given  a1rea  wtll  vary  with  respect  to  the  time'^of  year.  "'^This 
is  illustrated  pn  ,the  sketches  below: 


4^ 


Tiffed  Collectoi  ^ 
Tilt  Angle  s 

'  Horizontal 


(a)'  'Radiation  )6n  a  .Hori^ootal 
/     ^llectpr  '       .  ^ 


(b)    Radiation  on  a  Collector  Tilted 
Perpendicular^  t;3  the        •  ^ 
*    Radiation  •  '  • 


*  9 


TK^decl  i nation  varies  with^'tinia  of- ye?ir  according  to  the  approxi-^ 


mate  equation^; 


V  =  23.Jf5  sin  beo^^^p^  ]  '  (Degrees)^ 


[3-2] 


'.where^T)  is  the  day  of  the  year  '{n=l  for  January  1)%  ,  A  tabje 'of' values 
*   0^"  6  for  the  sixteenth  of  eacb  month  f|; shown  on  the  follo^g  page. 
The  ^set  hour  angle  is  given  by:  "  ^  '  ^       -  ' 


•  '  '  COS  (0^  =  -tan  i  tan  6* 
s  ^ 


.The  average  d^ily^TTTsolation  on     hoVtzontal  surface  at'a' given  latt^tuife- 
"fpra"  ^iven^rrth'  may..b^e  calculated  by. using  the  ab&ve>^equ|itions.    This  ' 
^laS^been  tig.ne  for  you  for  various  latitudes, and  the^Vesu.lting  values  for  * 
;  '.^c^  fo^' month  are  tabulated  as  a  function , of  lat'jtude  in  Tab\e*3-*1  , 


Table  of  Declination^  ^         .  . 

%               *  ^    -     *  .               *  .    Declination,  6 

Date            '         Day  of  ;Y€ar  ^  (Degrees)  • 
♦               ^  ... 

Jan., '16  '                    '  •  46       . ,  '  -21.10 


lb. 


•  .  Feli.  16                            47  '    ■  -12.55 

■\    Mar.-*16  .       "             75  *           .      •        - .  2.«42 

Apr.  16              ■     ,        106  ^  .  '    *  9.78 

May  16  '                     ,    136  •  '        '  ',     .  1.9.03  ' 

.  June  16              '  -           167  '  2S.35  ' 

.     •   July  16                           197  ,  ^  21.35 

Aug.  16'  "            '      '228'^''   -  .      •      _^  13.45  ' 

Sept.,'l6  ■   .             ,J  259.  *1.81  - 

Oct^ie  '     '  •  '       ■  289   "    ,  -.9.97.  ' 

'    Nov.  16  "  ■           '326  '       '  '  ,  ;  -19.38 

< 

Cfec.  16",     f_  .  350    •    ■        '  ■    ,  "  -2.3.37" 

If  H  is  known,  then  Kj  may.be'  calciilated  from  K j  •=  H/H^.    Values  for  * 
H^may.be  read  from  the  contour  mips  showing  fneah  da iiy  solar  radiation 
by  rftonth  on  .Figures  3-1  through  3^12.  '  v-*  "        ,         .  .'/'^ 

RADIATIO'n  on  A7)iLTED  SURFACE  -  *'  ,  ' 

lOi^Drder  to  determine  the  perfftrmMce^of  >rJkt-plate^coi lectors,  it 
is  required^ that  the  average  daily,  radiatKm-cn  a  ti^lted^surface,'  Ft,  ^ 
be  known.    Tht^i^tbe  expressed,  by  Hj'=  RH  =1r1(yH5">.  where  IT  .is  defined 
as  the  ratio  of  the  ayeirage  daily .radiatidn-on  a  tilted  surface  to  that 
on  k  horizontal  surface  for  each  month.   Thfere  are  seVerat  fnethods  for 
caTculating      all  of  which  give  slightly  different 'results  but  do  not 
-stjrongly  affect  the^.calctjlations  of  \ong-term  pej|jgiiance  of  flat^pt.ate 
collectors-. 


'  One  method,  proposedrby  Liu  and  Jordan,  is  to  express  R  by: 

R  =  o''|-).Ro*|-  (U:f^)*p(.-l^.)     ■  [3-4] 

H     •         n  T  ' 


where  0/Hm*s' obtained  from:    (Ref.  6) 

T7  2     ^  o  1^  3 


D/H  =  1  :3903^  4.0273  Kj  +  5.541  K^"^  -  3J08  Kj  [3-5] 


Also, 


=   cos  ((^^s)^cos  6  sin  0)$'  +  ^s'  sin  ((i)-s)  sin  8 

s.  s 


D  ^os|  pos  6  sino)  +0)   sin(})  sin6  I'^'^J 


where 


^      '  '  a)g*'  -  [arccos  (-tan    'tan  6);  ^rccos  (-tan  ((()-s)  tan  6  ]    ^  [3-7]* 

In  the  'above  equations, 

s  is  the  collector^tilt  angle  from -the. horizontal 

'  -    '  *   ^   is  "      -  ^  ^  " 

.         '  p.  IS  ground  reflectance^ 

^  -0  is  average  d^aily  .diftfuse  radiation  for  each  month 


\ 


Rp  js  ratio  of  the  average  da11y^"bei(4vradiation  on  the 
tilted  surf at'Q 'to  that  6n\a<:;tf(5f^i<)ntal  surface 


for.ea.ch  month 


Ittis'not  yi6cessa»ry  that  you  perform  these  calculations, 
er^g^ values  of  R  for  each  month  are  presented  in  Tables  3-3  through 
3-5.  ^Cross^plots  of  R"  versus  Kj  obtained  franf  these  fables  are  shown 
*iri  Figures  3-13  through  3-4^.    Finally,  yalues'fpr  the  average  radia- 
tion on  a  tilted  surface,  JTt^  for  vanxius  vatdes  of  IL  and  for  collectors 
at  various  tilt  angles, ar^Jpshown  on  Tables  ^-7  through  3-22. 


EXAMPLES 


*  Examples  ^illustratiffg  the  use  of  thesie  tables  and  curvfe's  ;^e  g.^yen 


be>ow: 


1 


2. 


Detennine  the  avejpafe  daily  extraterrestrial  radiation^  tor 
January  ofTa  borizontal  surface  at  Columbus/ ORio. 

V  ■ 

Solution:    Frdm  Table.  3-1  we^ee  that  FT  =  486-3  6tu/ 
ft2-day;  Kj  -  0.356/  Therefore,  H^v^  H/Kj  =  13§6  Btu/ 
^  ft^-day. 

Detennine  the  average  daily  extraterrestrial  radfiation  for  , 
January  on  a  horizontal  surface  at  40°N  latitude. 
*    Solution:    From  Ta-ble  3-2/^  2^326  Btu/ft^-day.  T>t^ 
compares  reasonably  well  wfth.  the  ear?lffer  res^ 
3.     Oetermirfe  IL  for  January  fo/.Golojmbus^  Ohio>/ijse  Table  3-2  '. 
and  the  cpntour*^  map? 

Sol.ution:    Col^/mb'us'  i.s  aJ^A^'^N- latitude.    Hence,  from 
Table  3-2  we  j§ee  tfert\the  av§Vage=  dai^ly  extraterrestrial 
radiation ^>s^q  =  1326  ^tu/ff^.    Then  from  Figure  *3-l  we 
seg^^atjthQ  average  daily*rarfia*ion  •pp.a  horizontal  sur^ 
•.face  for,Jahiiary  at  Columbus  is'Tr=  1^  Langleys  =  128.  ' 

■      7  '■    '  ■  ■'^ 

cal/cm-..  If  we  multiply  this,  by  3,69  we  obtairf 
H  = -47,?  Btu/frT  TheVe.fore,  Kt  =  H/i%.  =  (472  Btu/ft^)/ 
*  (1326  Btu/ft^)  =  0.356:  ;  >     '         '     '  '* 


Detennine, thfe  av'erage'^^x^aily.  solar  radiation  on  a  surface  at 
tilt  angTes<|Of  25°,  4Ge,  "5S°,  and  90°  , for  January  at  Columbus, 


Ohio.- 


•f. 


✓ 


3-9 


•  .a.'  •  Tin  =  2&° 


if.^-  From' Fi gu»m  3-17  fo~r  latitude  of  ,40°N  and 


^  •      •       'ttlt;- latitude -15%  ^We  r/ad  for '.Kt-  =  0.356,  R  =  1  .395, 

^  :   '  «  _  -■•  _^    \y*   ',  .■ ' 

/   TFiVefore  Hj-^  RH=  (1.395)(472)  =  658  Btu/fr. 
■*   -         ,  '.I    ?       '    .         ,  , 

'Tilt  =  40°:    i^om  Figure  3-26', '.R  =  1.55.    Therefore  - 

=  (>.55)(472)  =  732  Btu/f^t^.  .      l  \  '  -  , 

c.  .   Tilt  =  55°:    From  Figure- 3-35rR  =    -61^  Therefore 
Ht'=- (1.61)  (472)  =  760  Btu/ft^.     .  '  ■'  ' 

d.  Til_t  -  90^:  -l^rom  Figure,  3-44,  R  =  1 .43. "  Jherefore' 
fr.^  =  (1.431  (472)  =  675  Btu/ft^-.  '  ' 

^  5.     Repeat  example  J- only  use  Tajjes  3-7  thfough' 3-14.  Since 
vKy  =  0.35-6,' we  witl  have. to  interpolate  between-the  tables 
».       .for  T<.j..=  0.3  and  for  K-j-  =  0.4.  ' 

Tilt  =  25°:    From' Table  3,-7/ =*  536  Btu/^,       =  0.3 
'    ■  "      •     F>*om  Table  3-11,       =  763'^tu/ft^^  K^^. 4-    The  ^ 
interpolation  equa'tion  is: 


1  0.356  -0.3 


763-  536.  "  0.4-0.3 
"  ■*  .-    .  .      *  ' 

Therefore,  -Hj  ^.536  +.  (227) ( .56)'  =,663  Btu/h^.  This 

agrees-  t"o  yithin  one  percent  ©f  the  previous  result. 


'  .2 


Tilt  g^40°:    From  Tablf  3-8,- H:^  =' 584;Btu/ft^.  1^.^  =  0.3,. 
From  Table  ^-12,       =.  853  Btu;ft^,  IC^  =  0. 4s  -  Therefore 
Hf  =i84.+  (269)(.56)  =  735'Btu/fiL 


Tilt^  55^:    Eroiii  TaWe^9>'  Hf  =  600  Btu/ft^-,,  L'  =0.3, 


.  '  O     VL-- >i;  ;>=sr;^v-r.     .;-^if^  -        •        '      ■/*••■'  '    .  .-•;-,'=^■■«••-'■■"■ 


From  Table  3-13,  ^J  =  890  Btu/ft  ,  TL-'f  0^4.    Therefore;.     ►  ' 

/  ^    .  -         .     :    _     ,  ■■■■       ■',>^'  „  ^  •■. 

1       •       '       •  Ht  =  600.*-(290)(;56.)  .=.^62  Btu/ft^.         .  "  ' 

TilT=  90°:    From  Table  3-lOj  Hj  ^/S^  B^u/ft^^K^' =  a-S. . 
*  .    Rros^Td1jle.'3-l^  Kj.=  80Q  Btu/ft?,  K.^  =  0.4.*   Therefore  ^ 
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•        Table'  3-1.  *    ^  - 

'  S 

/  ^     RadUtion  an4  Other  Data  for  80  Location*  In  the  United  States  and  Canada 

•.ff'-|Monthlv''  average  daily  total  jadiatiorv  on-a  horizootal  surface,  Biu/<fa^-ft», i?,  -  the  fraction  of  the  extra  terrestrial  ra- 
,diatioD  transmitted  through  t^e  atmosphere;. ambieox  temperature  deg  F.X  -  '* 


Albuquerque,  X.  M.* 
Lat.  35^"N. 

£1.  o3l4'ft 

»  ^ 

Annette  la.,  Alaska- 
Lat.  5o*t)2'  N.. 

El  no  ft  . 

Apalachicibla,  Florida 
Lat.  29*45'  N,  . 
35  ft 

.Asjojia,  Oregon 
Lat.  46*12'  N. 
pi.  8  ft 

Atlanta.  Georgia 
Lat  33^9^  N. 
£1.976  ft  • 

Barrow,  Alaska 
Lat.  71^'  ^ 
p.22ft— • 

Bismarck,  N  D. 
L4t  46*47'  >{, 
£i  1660  ft 

Blue  Hill,  Mas8. 
Xat-42'irN7 
•£l  629  ft 

/ 

Boise.  Idaho 
Lat  43 '34-  N. 
El  2844  ft  , 

Bostoif,  Massi 
Lat.  42^'  X  , 
EL  29  ft.  * 


'Brownsville,  Texas 
L:it  25°55'  N, 
El  20  ft 


Caribou.  Maine 
Lut  46*52*  N. 
El  <i28  ft 

Charleston,  S  C. 
Lat.  32*54'  .V. 
El  46  ft 

Cleveland.  Ohio 
Lut  41°24'-N. 
\    EL  805  M, 

*  Columbia',  Mo. 

'  \Lat.  38^58'  N*.  ' 
'     ^UT85fi  . 

Columbus,  Ohio 
Ldtr.  40  W  N. 

•  El.\833  ft  . 

•  Dalw,  Calif. 

Ut.^'SS'  N. 
'  EL  5Qt 

DodgAcity,  Kbo, 
Lat.  3^4^%.. 

.  EL  2m  ft  • 


Fe^     '    M«f    ^.  Apt  .  !  .May 


;^an  •  1  Jul; 


Sep   \  -ett 


Nov 


Dec 


I  ,  ^     !  1  }  i  :  f  

1150  9.;  1453  9  1925  4|  2343  51  2560.9  2757  5.  2561.2,  2387  8'  2m,Z\  1639?S  1274  2    1051  6 
0.704   :  0  691"  0^719    0.722    0.713  j  0  737^  0.695  \  0.708  ,  0  728  1  0^  1     0  684     0  704 
,43.3     5(5.1    .  59..6   |  69.4   j  79.1    .82,8     80.6   ,73  6   '612.1     47T  39.4 


I  428?4  ;  883.4    1357  2i  163i.7  1638.7, 
I  0.415    0.492    0.507'i  Q.484  0.441 
I  37.5   I  39.7  I  44.^4   \  51.0  ^56.2 


1632.  ij  1269..4;^962.>i  454.6  i  220.3  '  \  152 


0.454  i  0.427 
58.6   ,  59.8 


1378  2!  16«  2!  2010. 9i  226S.6 
!  0  58^  .D  576  1  0.61?  t  0,630 
'  59.0-    62.9   '  69.5   1  ^6.4 

'    '   ^:  'a     r       *      *  '        '  ! 
007     ,40O8  5  1401. 5i  1838. 7|  1753.5'  2007. 7i  1721 
0:397  I  0  454    0.471  ,  0.524  '  0  466  J  0  551  !  0.538 
44.7   j  46.9     51.3   ;  5q.O  .  59.3     62,6   j  63.6 


0  449  :  0.347 
54.8   .  48.'2 


1703.3 


2195/^  1978  6;  19li.9  ..w.. 
0.594i]  0.542  I  0.558  ,  0.559 
81,8^    83  1    I  83.1   '  80.6 


;  1322  5 
i  0.526 
;  62  2 


0.3Q4  (  0.361 
41.9    I  37.4  * 


1544.6 
0  608 

73.-2   !  63,7 


780.4  1  413.6 
0.435  ;  0.^ 
55.7   '  48.5 


1243.2  I  982.3' 

o,w  0.54a 

I  58,5 
\ 

\  295.2 
\  0  332 
I  43.9  . 


1080  1  1428  9<  1807 
0  496  0  522  1  0.551 
49  6   ,  55.9   ,  65.0 


2018. It  2102  6'  2002  9  1808  l'  1519,2-  1290.8'  997  8 
0  561    0^  :  0  545  ;  0  559  ,  0  515   -0  543    0  ^10 
_   ^  ^  76.2,  I  8(5.9   ^82.4   j81.6   L  77.4    166.5   j  54,8 

3  .  1491.5]  W  ;  2055.3;  1602.2'  953  5  f  428.4  '  152.4  |  22  9 
73    0  728  /O  553  .  0,533    0  448    0  377    O.UIS- '  0  35   I  — 
-15.9!  -i2.7i  2.1  *  2p  'a  '  35.4   I  41,6     40  0  ■  31.7   '  18  6   I  2  6 


13. a^. '143  2.1  713 
&  776  !  0  7' 
-13  2  ,  -15.9!  -i; 


^^^51.6 

!  0  474 
i  47.7 

r 


r8,6 


587  4 

934.3 

Q  594 

■  0  628' 

;  12. 4^- 

i  15  9 

i 

j  555.3 

797 

,  KT^  0  445 

0  458 

J  28.3  ' 

^  28.3 

R  . 

518,8 

,0.446 

.  0  5Qa 

29,5^ 

86-5 

'  505.5 

1  . 
•f  738 

.  0  410 

1  0  428 

31  4 

..31^4 

2056,1  8i  2305  5!  1929^  1441  3  1018.  l'  600.4  ^  464.2 
^v.^  Q  5^  *  0.588  (  0T79  0.634,,  0  ^0  581  .0  584,0  510  0^7 
29./      46.6   :jffl.6  167.9  ;  76.1     73TB    /l  6    !  49.6   !  31.4     ;  18  4 


i6.6  ;^.6  , 

■  1143;.9i'  li38'  I  4776.41  1943.9.  1881^11i22a  1314  V941, 

0  477  ;  0  464    0  501  ;  0.516    0  513  !  0.495  0.492  -  0  472 

36.9   146.9  \58.5  ,67  2   172.3   j  70.6  64.^2    !  M.l 

i       ).     ,  t    '   i        \  •  ^  t  • 

^  1280.4,  18J4.4'  2189  31  2376. 7j  2500  3i  2149.4}'  lJlf.7t  1128.4 
^548  -0  594,^  0  619*]  0.63!  '  0  684  ..0,660  1  0.656m  0  588- 
45^0*;  53  5   .  62. r     69.3   179  6  ':  77.2  <  66.7  '56.3 


592.2.  ^482-a^ 
0.406  ,\  0.436 
43.3  ,  •  31.5 

678.6  4o6  8 
0.494  0.442 
42.3    '  33.1 


49.5   .  60.4 

1  R     •1105  9  '*  1262  7]  1505  9'  1714    ;  2092  2 
K't    0  517.  '  0  500    0.505  |-0  509  |  0  584 
!  I9    :-.63.3     .J66.7   ,70.7   :-76.2  .84.4 


9.8-*;  74.5   I  73'.8  i  66.8   I  57  4 '  1.46.6 


0.400' 
34.9 


R 
it 


497 
0  504 
lh5 


Sdlr^  ,  \360  1  1495  9i  1779-71  1779.7 


2288  51  2345  "  j2124.  ri774.9i  1536^1  1104.8  ^  982.3 


0  62 
85.1 


I  It, 


R  946.1 

R,  :'0  541 
o3.6 


0  579  A619 
12.6    \  24.4 
»1 


0  507 
.37.3 


0.509 
51.8 


1152  1,  1352  4  1918.8,  2063.4 
0.521  r  0.491  I  0  584  I  0.574 
55.2   I  60.6   !  67-8  |-74i8 


466.8 


,    68K9  I  1207   I  1443.9 

R,  \  0.361  I  0  385*0.49^1  0.-fe4 
tf>    i  30.8     !  30  9   ,  39,4   !  5ti.2 


patft'L^ilnsing,  Michigan 
Lat.  42*^44'  N. 
EI.  856  ft'       .  ' 


R, 

h  ' 

R,' 
/» 

fl 
R, 


1^1.3 
0.458 
"32,5 

486.3 
.0.356, 
32.1 

599 ?2 
.0.416' 
47.6 

958.1 
0.639 
33.8 

425.8 

0.35 

28.0 


1928.4 

0.543 

62.4 


941  3    1315.81  1631.3!  1999.6 
0.49fi  >0.520  i. 0.514 
^6.6*    45.9  57.7 


746.5 
0.401 
33.7 

945 

0.490 

52.1 

1^^8.3 

0.59$ 

38.7 

739.1 
0;431. 
28.4 


1112.5 

0.447 

42.7' 

1504 
J0.591 
56 .8  ' 

1565T7 


46. f; 

1086 

0.456 

35.7' 


1480.8 

0.470 

53.5 

1959 

0.617 

63.1. 

1975.6 


*0  606  f  0.618 


57.7 

1249.8 
0.406 
.48.4 
— tU: 


0.559 
66.7 

1839.1 

0.515 

64.4 

23^.6 
0.662* 

69.6' 

2128.6 

0.^54 

^.7 

1735.8 

0.489 

59.8 


61.6 

67'.'5 . 

2113.3 
0.567 
.80.9 

1649.4 

0.4M 

82.9 

2102.6 

0.559 

72.^ 

2094.4 

0.571 

77.0 

2129.1 
0  566 
75.9 

2148.7 

0.585 

81.1 

(2111) 
(0.561) 
74.2 

2041.3 
0.555. 
78 

2819.2 

0.697 

75.7^ 

;2565.6 
0.697 
81  ^ 

2459.8 
0.655^ 
77.2 

2400.7 

0.652 

83.8' 

m\ 

p. 608 
70.3 

1884.5 
0.^4 

^7475 

,0.650    0  617 
6.5   I  86.9  : 

,  .8.1!  1675.6 
6*.  522 


0  566  ;  0.570^  0.468 
84.1    J  78.9   ;  70.1 


\ 


0.488 
i>5.2 


0.527,;  O.506 
65.0  i<^56.2 


1-254  6i  793  .  415.5  ^  398  9 
0  455  1  0  352  0.470 
44.7     31.3     ;  16.8 


1933. 6t  1557.2 


0.5?9 
82.3 

'  y  ^ 

1840^6 
^0.559 
^5.1 

\ 

1953.1, 

0.58^ 

79.4 

157^.7 

0,475 

75.0- 

2287.8 

0.687 

7P.4,; 

2210,7 
0.663* 
82.4 

1627.7 
0,498-' 
72.4 


0.525 

79.; 

141(^3 

0.524 

68.5 

1689.6 
0.606 


1332.1 
D.554 
69.8 

997 
0.491 
57  .,4 

120:^.6 
0.-562 


1073  8  1  ^52 
0.539  -0.586 


71.9  BiA 

1189.3^919.5 
0.433  ^441 


7Q.1 

1856.8 
0.664 
f6.7  , 

1841  .V. 

0.65^ 

73.7-., 

1303.3 

0.493 

Q5.0 


58 
1288.5 
,67:8 

a42i' 

0.650 
61.7 

89k6 
0.456 
63*5 


59.8 

528;6 
(P.  .351 
'44  fO 

839. 5r 
0.510 
46.1 

0.3(}2 
44.6 

795.6 
0.477 
57  ^ 

1066.3 

0.625 

46.'6- 

473.1 
0.333 
40.0 


■7^ 


M.O 

427.3 
0:371 
32.^  ' 

590  .'4 
0.457 
35.8 


455.2 
fO.351 
'  34.0  , 

550.5 
a.421 
-48.7 

873.8 

0.)552^ 

36.8 

37Q.7, 
0,349 


L*  Liu,  B.X./l.  atid  Jordan,  R.C.,  "A  Rational  Procedure  for  Preditting 'ThB- 
.  r-Long-Terin, Average  Pecformarrce -of  FlatsPlate  Solar-Energy^cbUectors." 
"A  SoTar  Energy.  VoT.  7,  Nov  2.,  pp.  71-74,.  1963.'  .  '    a  . 


TabTe  3-1  (continued) 


East  Wareham,  Mass. 
Lat.  41*46'  N. 
El.  18  ff 

Edmonton,  Alberta 
Lat.  53^':X. 
EK2219  ft 

El  Paso,  Texas  .       ^  . 
Lat.  31*48'  N. 
•El.'39l6/t    .     ;  . 

Elv,  Nevada 

Lat.  39^17'  N.  ^ 

El.  6262  ft 

•Fairbanks,  Alaska 

Lat  64*49' 

E1.4a6ft 

,  I* 

Fort  Worth,  Texas 
Lat.  32*50 -N.  : 
El  544  ft'. 

Fresno.  Calif  s 
*,Lat  36*46'  N. 
El  331  ft. 

# 

Gainesviil-e,  Fla. 
Lat.  29^9' 

'  ■# 

Glasgow- Mont. 

Lat.  48i3'  N. 

EL  2277  ft.  .  • 

Orand  Junction,  Colorado 
^Xat.  3§'07'  N. 
^  £1.  4849  ft'- 

Grand  Lake.  Colo. 
Lat.  40*15*  . 
El.  8389  ft 

Great  Falls,  Mont. 
"  Lat  47*29'  N. 
El.  3664  ft  V  • 

w  **  \ 
Greensboro.  N.  C. 
Lat.  36*05'  N. 
El..  891 -fit- ^' 

Griffin.  Oedtgia 
Lat.  33*151>. 
E1..980;fi^- 

Hatterto,'K'.  C. 

Lat.35*t?'N. 

El.  7,  ft        ,  '  - 

Indianapolis,.  In4> 

Lat.  39^' K.  .         '  ^ 

El.  793  ft 

Inyokera,  Calif. 
hit,  35*39'^N. 
El.  2440  f^ 

Ithaca,  N.  Y. 
Lat.  42*27'  >\ 
£1.  950  ft 

Lake  Cfiarles,  La".   .  . 
Lat-.  30*13'  N.  ^  *  . 
£1.12  ft  , 

Lander,  Wyo.  ' 
LatM2^48'  N..  • 
El.e5370  ft   '  ' 


1  Jan 

Feb 

504.4  ^ 

'762.4 

li  1 

u.oyo 

0.431 

to 

Oft  *0 

31.6 

ft 

•  331.7 

652.4 

R. 

0.529 

0.585 

H  , 

RH 

ri247'.6 

1612.9 

0.680  ' 

0.714 

( 

'  AT  1 

53.1 

H 

i  871V6 

1255 

r\ 

:  0  618 

0  660 

'y 

'   07  Q 

'  .0 

f 

32.1 

R, 

!  60 

283.4 

0.639 

0.556 ' 

;  -7.0 

0.3 

R, 

936  2 

1198  5 

0  530 

0^541 

io 

4^.1 

52.3 

fl 

712  9 

1116  6 

R: 

0  462 

0  551 

It 

47  3 

53.9 

M«r '  I  Apr 


JUQ 


1036.9 
0  535" 
^2-l-~ 

'  572  7 
■  0  621 
;  13.3 


'  848 


0  597 
26  9  ' 

\R.' 

'  735  / 
0  Ml 
1^.5. 

"ft 
)R. 

I/O 

524 

0.552 

25.4 

743  9 
0.469 
'42.0 

•  ft  ' 

889*6 
0:513 
48.5 

1891.9 
0.646 
49.9.^ 

Wo  - 

526.2* 
0.380 
31.3-  . 

u 

1148.7 

Q.716 

47.3 

B  ^ 
R. 

434.3 
p. 351 
27  .'2 

R  . 
R^ 

899.g 
0.473 
55^3 

R. 

(9 

^86.3; 
0.65* 
20.2 

1324  7- 
0.56  ! 

63.i  ; 

965.7  ' 
0  678- ; 
17-,3 

1210  7' 
'0  633  ' 
35  0 

1135  4 
0.6i^ 
23.1  J 

869  4  ; 
0.596  i 
27.6 

l(fel  7. 

0.499 

•44.2 

1136,8 

0.517 

51.0 

#11^-1 

0.:563 
49.5 

797.4 
,0.424 
33.9 

1654.2 
0.745 
,5f.9 

755  ' 
.0.435 
2615 

114^!  7, 
0.492 

1146.1 
0.672 
?6.3 


1132.1/1392.6!  1704  s]  1958-'3 
n  aIao    n  AAQ  '\  n  dan    n  (;on 


0.469 
39.0 


0.449  1  0.480 
48.3  58.9 


1165.3  1541.71  1900.4 


0.520 
67,5 

1914.4 


July  . 

1873.8 

0.511 

74.1 


Aug 


Sep 


Oct^ 


160>:4,  1363.8'  996.7 
0.489't  0.508  ;  0.4^ 


72.8 


0.624  .-0.564  I  0.558  j  0.514  \  0.549 
26.3"  '  42.9     55.4     61  3  66.6 


1964.9  1528. 


2048.7  2447.2  2673  1  2731  . 
a.730>  0.741  !  0.743  \  0  733 
58  7    i  67.3   j  75.7   '  84.2 

i  ' 

1749  8,  2103.3  2322  1,  2649 
0.692  '  0  664  i,  tf?649  \  0  7(M 
39.5'  1  48.3    !'57.0  J  65  4 


0.506  0.506 
63.2   !  54.2 


lR.9   j  56 

1 

1T13.3  704.4 
0.5(M 
44.1 


636  2 
0.'431 
46 

413.6  ' 
0.510,' 
26.7 


2391.1 
0.652 
84.9  . 

2417  ! 
0.656  ! 
74.5  ! 


2350?5  2077.5  1704.8  1324  7; 
•0.669    0.693  \  0.695  ;,0'.64f 
83.4*  178.5   f  69.0,'  56.0 


860:5  '  1481.2  1806.2  1970.8  1702  9 
0-.674  ,  0  647  0,546  I  0.529  !  0  ^  , 
13  0  j  32  2    I '50' 5  ^  62.4    |  ^  8.  j 

1597.8  1829.1  2105  1  2437  6  2293  3 
0*577  0  556  '  0.585  0.654  ;  cr.624., 
59.S    '  68.8    i  75.9   '84.0    '  87  7  ' 


2307.7' 
0.695 
72,3  ** 

1247  6 
0  46S 
58.3 


1935   I  1473    1  1078.6 
0  696    0.691.!  0  658 
63.7   j  52.1    !  39.9 


699  6  <  323.6 
0.419  0.4iq 
47.1  L2S.6t'' 


104  1 

0.47 

5.5 


88.6 


78.6 


1652.8  2049.4  2409.2  2641,7^  2512  2-2300  7' 
0  632*.  0  638  •  0.672  .0.703  '  0  682  0.686  . 
59  1      65  6    r73  5  -1^80  7  ,,^87  5  ,84.9^j 

1635    ,  1956.?  1934  7  1960  9  1895.6-  1873.8  1615  1 
0  568  ;  0.587  '  0.538  ;  ^  531    0-519    0.54/  i  0  529 
67,5^1  72-.S*-  i-^.4-.?^4  .^^.^0-^.82  -  ; 


1^7  8  1415.5.  906.6 
0  665    0.635  0.512 
68.7  ; 


57.3 


1312.2;  1169.7 
0.515^  0.537 
75.7  67.2 


1437 .'6;  1741.3  2127.3  2261.6  2414.^ 
0.672  1  0.597  '  0  611  !  0.602  0  666*  - 
31.1    '  il^S    ^59-3   I  67.3    \  76  ; 

^      •  1  '      ,        \  ^'     \  i' 

1622  9,  2002  2  230Q  3  2645.4  2517  7 
0  643-   ^.6^2-'  0,643  ;0.7G(4*^  0.69p  . 
44.6   j  55  6   j  66.^   |  ?5.7'  {  82.5  ' 

1579.3* '187^.7  197^4  9"  2369.7** 2103.3' 
0  637  i'O  597  i  0-553  '  0.63    1  0.572  . 

28.5  .  39ri    1*48.7  :'56.6,  \  62. a  | 

1369.7,  1621.4  1970.8  2179,3:  2383  r 
0  Q31    0.551  !  0.580  I  0.656 

35.6  I  47.71^  57.5  ^    64.3    !  73.8 


1984.5/1531  I  997  ,  574.9 
0.630^.  0.629  d.593  .  0  51§ 
73.2  •]  61.2  ^49.2  '31.0 


2l57.2 
0  65-  i 
79'.  6 


1957  5  1394  8  969  7 
0.705  0  654  ,  0.59  ' 
71.4    ,»58.3  %42.0 


1708.5  1715.8  1212  2  775.6 
0.516  i  0  626  0.583  :  0  494 
61.5   j  55.5     ;45.2   I  30.3.» 


1323  2  1755  3 
0.409  0.543 
,51.7  60.8 


1450.9' 
p,528  1 
•  59.1  I 

,-1590.4^ 
.^.593  ! 
.54.7.^- 

1184.1 
0.472 
43.0. 

'2136.9^ 

.59.1  {, 


1923.6 
0.586 
66.7 

?12&. 
a.655  ' 

61 .5r  I 
nil.  2* 

0.47  < 

54.1  ' 

I 

'2594.8 
65.6 


1988.5 
;0.554 
69.9- 

U63  1 
0.601 
74.6  . 

2Z76A 
0M\ 
69. § 

1828 
0.511 
^T9 

2925^4 
0.gl5 
73.5 


<l986.3i 

0.627 

7t.3 


2111.4  2033  9, 
0.563  flO.552 


1536. i 
0.*626 
60.6 


1074,9  1322.9"  1779:3 
0.45"    0.428  1  0.502 
36  .      48.4   {  59.6 


1487.4' 

0.521 

.63.5 

1638^ 
0.691 
34.7 


1801.8 

0.542 

70.9 


78^0 

2176 
0.683 
81.2  , 

2438 
0.652 
77.2 

2042  ' 
0.543- 
74.8 

3108.8 

o.ggp.. 

■  80.7 

•0.538 
'  68.9. 


80.2 

2064:9 
0.562 
83,.  0 

2334:3; 
0.634 
80.0  I 

2039.5] 
0.554 

79  y&  • 

2908.8 

0".790 

87.5 

2031.3 

0.554 

73:9 


1810  Z\  1517.3 
0.538  I  0  527 
78.9  I  73.9^ 

1961.2  1605.9, 
0.578  0.543 
82.2  i  78.4 


2085.6: 

0.„61^ 

79.8 


1758.3^ 

0.605 

76.7 


1832.1-  1513.3 
0.552    0  549 
•77*4'  i  70:6 


.5 
0.647 
45.5 


2080M  2213.3!  1968.6 
0.S78    0.697  J  0.,538 
77.**4  I  83.4  84.8 


2114  ' 
0.697 
56.0 


2759.4 
0.820  1 
84:9.  I 

1736'.  9 

0^  j 
71.9  ' 
t  ! 

•1^10.3. 

0.558  1 
.85.0 


I 


2409.2 

0.834 

78.6^ 

1320.3 

0.497 

^\2 

1678.2 
0.553  i 
81.5 


984.9 
0.574 
51  4 

1202.6 

0.531 

62.7 

1352.4 

0.565 

68 

1337.6' 
0.58*'  I 
67.9 


918. .4  466.4 
0.465  !  0.32.4'. 
5a.6   j  41.5 

1505*5  1122*1 
^  d.524 


2492.2  2438.4 
0.662  1  0,665 
65.4    1  74.6 


21!k),6M 
0.649  ^' 
72.5 


712.9 
^.647 
61.4 


0.597 
73:8 

1301.8^ 
**0.6^ 
48.3  • 


Dec 

521  . 
0  '461 ' 
34.8 

245 

0.492 

14.0 


2216  6  18S0  8  1476   1  1147  6 
0.653    0  634  ,0.612  ;  0.576 
81.3  /71. 5.    58  8 


575  3  . 

0.503 

38.0 

908.1 
0.501 
51 .5 

1073.8  ' 
0.545-  i 
57^^  ! 

105af.5  ' 
0.566  . 
5^.1 


1094.4;  662.4  I 
0.520  0.413  I 
59.'3   j  44.2  .! 

1819:2;  1370,1  I 
0.795  I  0.743 
68.7   i  57.3  1 


62.6 

837.3 
0.589  > 
33.4  ! 


^20  3 
0.458 
-6*6 

913  6 
0  503 
50.8 

610  6 
0.44 
48  9' 

919  5. 

0.508 
62  4 

42^^  4 
0  548 
18  6 

793  4 
0  021 
31.4 

660  5., 
0  542 
22  6- 

420*7  ' 
0  518 
2?.l 

690  8 
0.479 
43.2 

7SI.5 
0.487 
49.4 

798.1 
0r535 
5L3 

49M 
0.391 
33.4 

109^4 

0.742 

48.9 

'870.8 
0.337 
29.6* 

875# 
0  494 
50 .0 

694.8 
0.^3 
23.8 


Table  3-,!  (continued) 


Las  Vegaa,  N'ev. 
hit.  36 WN. 
JEl.  2162  ft 

Lemont;  Illinois 
Ut.  4r40'  >r.  - 
El.  595  ft 

£ekington»  Ky. 
Latr38'02>?r^ 
EI.  979 


Lincoln.  Neb. 
Lat,  40^51' 
El.  1189  ft 

Littl/Rock,  Ark. 
Lat/34*44'  N. 
EJ.  B55  ft 

Los  Angeles,  Calif.  (WBAS) 
LaU  33^56'  N. 
El.  99 

Los  Angeles,  Calif.  (WBO) 
hsLt,  34%' 


.Madison,  Wis.    . ' 
Lat.  43*08'  X.    *  . 

-  EI.  see-ft 

Matanuska*  .Alaska 
Lat.  61*30'  N. 
EI.  180  ft ' 

.Med ford,  Oregon 
Lat.  42^^'  X. 
Er.  1329  ft 

'  Miami,  Florida.  - 
Lat.  25*47'  N. 
E1^9  ft 

.\(idland,  Te.xaa 
Lat.  31*56'  N. 
El.  285t  ft 

■  Niishville,  Tenn. 
Laf  .,36*07'  N. 
EI.  605  ft  ^ 

-Newport,  R.  I. 
'  Lat.  41*29'  N. 
El.  60  ft 


July 


2524 

0.685 

9510 

1990.81 

0.542 

75.6 

-2246.5 
0.610 

79.8^ 

2011.4 

0.547 

82.6 

2081.2 

0.566 

85.1 

2413  e, 

0.657 
69.6 


Auf 


2342. 
0.697 
92^9 

1836.9 

0.559 

74v3 

20W.9 
0.619 
78. 2» 


Sep. 


2062 

0.716 

85.4 

1469.4 

0.547 

67.2 

4775.6 

0.631 

72.8 


1902.61  1543.51 
0.577  j  0.568 
80=^  71.5 


1938.7 

0.574 

84.6 

2155.3 

0.635 

70.2 


2259  2428\4 
0.605  I  0.66 
70.7    t  75^.8^  I  .76.1 


I  2198.9 
0.648 


2046.5^ 

0.559 

7^6.8 

1526.9 

0.434 

60.1 


1740.2 
0.534 
"74.4 

1169 

0.419 

58.1 


1640.6 

0.561 

78.3 

1 


Oct 


2607  4  2261. 6t 
0.710  '  0.689 
76.9  76.^ 


New  York,  N.  Y. 
Lat.'4Q*46' 
El.  52-ft 


Oak  Ridge.iTenn. 
Lat.  36*01'.  N. 
'  El.  905  ft 


Okiah§^f^a^y,  Oklahoma 
Lt.  34*24'  .Vi  . 
El.  1301  ft  f    .  ^  . 

Ottawa,  Ontario 
Lat.  45*20'  N. 
EL  339  ft  • 


Phoenix^  Ariz.^  • 
Lat.  33*26'  N,  . 
.^U12ft  ■ 

^ftltfad,  ^aine .  ^ 
Lat.  43*39' 'N.  . 

.EL  63  ft'     '~  ' 


ERIC 


'  R 

!  1066.4 

R. 

i  0.587. 

It 

47^.9 

ft 

1  589.7 

R, 

0.373 

ft 

42.6 

ff 

565.7 

R, 

0.438 

29.5 

539.5 

R, 

0.406 

to 

^.0  . 

R 

m 

R, 

0.382- 

41.9 

R  : 

•938  . 

R, 

0.580 

fo 

40.1 

R 

539.1 

R. 

h 

'  14,6 

R  ' 

1126.6 

■R, 

to. 

^.2  ^ 

R. 

665.7  * 

Ri 

0.482 

to  « 

23.7 

1345.7! 
0.596 
52.8  5 


1784.8!  2036  1 
0.638  i  0.617 
60.0  i  68.8  • 


1992.6 
0  552 
84.1 


230M| 
0.639  1 
77.2'.  i 


907     j  1246.8!  1662.3  1997 
0.440    0.472  ;  0.514  0.556 
45.1    ;  52.9     63.0  '71.4 


.856.4 
0.482 
.32.0/ 

'  / 
790.8 
0.435 
34.9 

895.9 
0.435 
44.2 

U92.6 

0.571 

45.0 

852.4 
0.540 
15.6 

1614.7 

0.691 

58.8 

874.6 
0.624 
24.6 


1231. 7j 

0.507 

39.6 

1180.4 

0.48P 

43.1 

1241.7 
»0.471 
51.7 

•1534.; 
0.576 
53.2 

1250.51 

1967.1 
,0.716 
64';7 

I329.'5r 

(^.669 

34.4 


;484.8 

0.477 

48.2 

1426.2 
0.455 
52.3  . 

1689.6 

0.524 

'6^4 


1849.4J 
0:570 
63.61- 

150^.6 
4.502 


1849 

0,520 

58.6 


2317.7 
0.622 
83.9  j 

2149.4 

0.573 

80.1 

2019.2 

0.536 

67.0 


0.641 
69.1 

1891.5; 

0.643 

74.2 

a443.9 

0  543 

65.6 

737.3' 
0.401 
50:2 

1672.3 

0.628 

69.6 


1602.6 

0.704 

71.7 

1015.51 

0.506 

57.6 

1315.^ 

0.604 

61.2 

1215.81 

0.596 

59.9 

1282.6 

0.552 

67.9 

1372.7 

0.574 

66.1 


Nov 


1190 

0.657 

57.8 

(639) 
(0.433) 
43.0 


47.6 

773.4 
0.508 
43.2 

913.6 
0.484 
54.7  ' 

1082.3 

0.551 

62.6 


Dec 


964Sf' 
0.663 

5q.2. 

(OT)' 
(0.467 
30.6 

681.5 
0.513 
38.5 

643.2 
0.546 
31.8 

701.1 
0.463 
46.7 

901.1 
0.566 
58.7 


136^.3  1053.1  877.8 
0.578  0.548  0.566 
69.6   !  65.4     I  60.2 


993  i  555.7 
0.510  >  0  396 
53.?  !  37.8 


1890. 8j 
0.549  ' 
84-5 


373.8 
0'.390 
37.7 

1(M3.5 

0.526 

58.7 


142  8 
0.372 
22.9 

558.7 
"0  384 
47.1 


I 


1646.8  1436.5  1321 
0.525  '  0.534*  0.559 
83.3   {  80.2   ;  75.6 


1738.4i  1994.1 
0.488  0.53' 
^-3  72.2 


1942.; 
0.541 
69.8 


2005.1 
0.558 

1867.2 

0.629 

5T.5. 


2388.2 
0.7^ 

•?1?.2. 

s 

1628.4 

0.500 

44.8 


2709.6 

0.763 

80^8 

192^i2! 
07644- 
55.4 


2068.4 

0.551 

77.8 

'2355 

0.629 

80.6 

2081.6 

0.554 

67.6 


279K 
89.2 


.2017.3 
0.536; 
66.1 


1942.8 
0.529 
73.2 

1938.7 
0.628 
'76.9 

'1972.3 
0'.536 
80.2 

2273. 8^ 
0.618 
85.6 

2046.4 
0.660 
fl.9^ 

">60.6 
0.667 
94.6 


2301". 8!  2193  •* 
0.628  !  0.643 
85.7   ;  S5.0 

i 

2q5r9f7|  1862.7 
0^  ,  0;554  ^ 
81.9 

1687-1 
0;^13 
72.3 

1605.0 
0.436 
75.3 

1795-6 
0.534 

22U 
0.656 
86.4 

1752.4 
0.«6 
69.8 

2299,6 
0.677 
92.6 


1^1.8 
0.642  ' 
7819 


1470.81  1244.3 
0.600  ^  0.-609 
70.3  56.6 


1600.7 
0.556 J 
76.6  >  65.4 


2096.6'  X799.2 
0.672  0.554 
71.1  I  69.7 


1223.&  823.2 
0?^  0.454 


1411.4 
0.524 
66.7 

1349.4 
0.500t 
69.5  J 

1559.8 
0.542 
74.5 

1'819^ 
0.62^ 
7r.4 

1326.6j 
0.621. 
61.6 

2131)3 
0.722' 
87.4 

1428.8 
0.646 
61.9 


1035.4 
0.512 
p6.2 

977.8 
jO,475 
;59-3 

1194.8 
0.527 
62.7 

*  1409.6 
0.614 
66.6 

826.9 
0.460 
48.9 

1688.9 
0.708 
,75.8 

Id36 
0.539 
61.8 


52.3  ^ 

656,1 
0.44 

^ 

598.1 
0.397 
48.3 

796.3  . 

0.438 

50.4 

1085:B 

0,588 

62.2 

458.7 
0.359 
35  . 

1290 '  i 
0.657/ 
63.6  A 
I 

591.6 
0.431 
40.3 


495.9 
,0.467- 
2^.4 

56.4 

0.364 

13.9 

346.6 
0.313 
40.5 

1183.4 
0.588  ' 
72.6- 

1023.2 
0.611 
49.1  ^ 

614.4 
0-426 
44.3  . 

527.7 
0.460 
34.4 

476. 
0.403 
37.7  - 

610 

0.422 

42.6 

897.4 
0.608  * 
^43.1 

408.5 
0.436 
19.6 

1040.9 

0.652 

66.7 


V607*7 
0.491  . 
28.0^ 
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Table  3-1  .(continued) 


Rapid  City,  S.  D. 

El.  32irn  -  ' 

Riverside,  Calif.  1 
Lai.  33*57'  N. 
El.  1020  ft 

Saint  Clond/Minn. 
'  Lai.  45*35' • 
El.  1034  ft 

Salt  Lake  City,  Utah 
Lat.  40*46'  N. 
El  4227  ft 

San  Antonio,  Tex 
Xat.  29*32*  N. 
EV  794  ft  • 

Sant^;Maria,  Calif,' 
Lat.  ^hk'  K. 
E1.238^t 

SauH  S^e.  Marie,  Michigan 
Lat.  46*28' 
El.  724  ft  ^ 

'SayvilIe,*N.  Y.* 
Lat  40*30' N. 
El.  20  ft  , 

Schenectady,  N.  Y. 
Lat  42*50'  N/ 
^^1  217  ft 

Seattle,  Wash. 
Laty 47*27' N. 
El.^  ft 

Seattle,  Wash.  — 

Lat  47*36'  X. 

E1.-14  ft  > 

Seabrook,  K.  J.  - 
'Lat.  39*30' N.' 
El.  100  ft  .  V 

Suokane,  Wa^^h.  • 

*  Lat.  47?40'  N. 
EL  1968 

State  College,  Pa.  ' 
Lat.  40*48' 
El.  1175  ft  . 

Stillwater,  Okla. 

Lat.  36*09'  X. 

EP.  010  ft  . 

Tampa,  Fla. 
.Lat..27*551-N.  '  ^ 
El.  11  ft         .  ^ 

'^Toronto,  Ontario 
Lat.  43*41'  N.  ' 

•  El  379  ft 

liteaoij,  Arizona  '  ^  - 
Ut.  32*07'  K. 

*  El.  2550  ft     '1  • 

Upton.  K.Y.  * 

•  ^Lat.  40*52'  K.  ... 

El.  75  ft 


/o 

fi 

Rt 

R 

.Ri 
u 

R 

Rt. 

R 
Rt 
u 

R 
'Rt 

I 

to 

R 

Rt 

to 

.R 

R,^ 

tu 

to 

R 

Rt 

-to 

^// 
Rt 

to 

R 
Rt 

to 

R^ 
Rt 

to 

R 
Rt 

R, 
Rt 

R 
Rt 

'to 


^^VashmKtoD.  D,-C. 


,Ei;w  ft 

AVlDiktpeg.  Man. 
Lflt:49*54''N^ 
El.  786  ft 


Jan 

(i87.8 
0.601 
24.7 

999.6 
0  589 
55,3 

632.8 
0  595 
13.6 


Feb 


Mar 


Apr 


622 
0.4i 
29.4* 

1045 
0  541 
53,7 

983.8 
0  595. 
54.1 

488.6 
0  490 
16.3 

602.9 
0  453- 
35 

488.2 
0.406 
24  7 

282.6 
,0.296 
42.1 

252  ' 
0.260 
38*9 


R 
Ri 

to 


*<>c 


0.426' 
39.5 

446.1 
0  478 
26.5 

501.8 
0.581 
31.3 

763.8 

0.484*' 

4r.2- 

1223.6 
0.605 
64.2  " 

451.3 
0.3^ 
26. 

il71.9 

or&48 

53.7 

583 

0.444 

35.0 

632  4 
0.445 
38.4 

488.2 
0:601 
3.2 


1032-0 

0.027 

27.4 

1335 

0.617 

57.0 

976  7 
0:629 
16  9 


986  . 
0.909 
30.2 


J503.7 
^.649 
34.7 


1807 

0.594 

48.2 


1750.Q.1913  2 
0.643  0  594 
00.6  65.0 


1383 
0  Bl4 
29.8 

1301.1 
0  529 
44.4 


1299  2  1500  1 
0.550  »  0.^2 
58.4  65.0 


1296.3 

0.613 

55.3 

843  9 
0  560 
16.2 

936  2 
0.511 
34,9 


520  6 
0.355 
45.0* 

471.6 
0.324 
42.9 


854.: 


180a  9 

0.671 

57.6 

1336>5 
0  606 
25.6 


1598.1 

0.534 

46.2— 

■1813.3 
0  578 
53.9 

1064  6 

0,500 

72.2 

2007  9 

0.636 

59.5 

1559-4 

0.526 

39.5 


Jun 

July 

2028 
0\574 
58.3 



2103  7 
0  583* 
67  .:3 

2235  8 
0  Cl2 
76.3 

2010  9 
0  022 
75.0 

2282.3 
0.635 
69  ..4 

2402  0 
0  067 
74  0 

2443  5 

0.605 

81.0 

p2263.8 
S  008 

-%i.o 

1859.4 
0  530 
^.8 

2003.3 
0.533 
^5 

2(&7  8 

0'573 

74.4 

1828.4 
0  570 
71  9 

03J. 

71.7 

81.3^ 

79.0 

2024.7 
0  563 
79.2 

2375  6 

0.661 

61.2 

1962.3 

0.560 

52.1 


1259.4  .1560  5 


814.8 
0.220 
85.0 

2599.6 

0.695 

63.5 

2064  2 

0.649 

61.6 


2304  2 
0.647 
87.4  87.8 


2540.6 
0  690 
65.3 

2149.4 
0  590 
67.3 


2185  2, 
0  637  I 


2293  3 
0  078  i 
05-.  7  • 

1707.9 

0.554 

60.0 


0  510 
43  1 

J026.O 
0\433* 
34.9 

992  2 
0.456 
48.9 


1195.6 
0.476 
43.9 


0..498 
•52.3 


1857  2  2123  2 
0  522  J  0  564 
^.3  72.2 


I2r2  3  1553  1 
0,#413  0  4S8 
48.3      61'.7  " 


749.1 
0.413 
31.4 

1081.5 

0.527 

45.6 

1461  *2 
0,600 

674.5' 
0.406 
26.0 

1453*^ 

0.646 

57.3* 


1106.6 
0  451 
39.8 


53.8 

1771.  < 
0.606 
68.8  . 

1088.1 
0,467 
34.2 


62.3- 


1507 

0.510 

54.1 

1375  6 

0.468 

51.9 

1518.8 

0.^81 

M.7 


1881.5 
0  538 
59.8  , 

1664.9 

Q.477 

68.1 

1800.7 

0.504 

^.9 


Sep  I 

1028 
0.028 
64.7 

1955-3 
0.t>65 
78.5 

1369  4 
0.539 
02.5 

1689.3 
0  621 
68.7 

1844  6 
0  ()03 
82.6 

19()5  \ 
0  074 
05  9 

1207 

0.481 

57.9 


Oct 

1179.3 
D.024 
52.9 

1509.0 
0  639 
71.Q 

890.4, 
0.490. 
50.2 

1250.2 
0  610 
57.0 

1482  4 
0  584  » 
74.7  I 

1506  4, 
0  076  ! 
ij64.1  I 


Dec 

763  1 

0  5f;o 

38.7 

1109 
0.000 
63.1  ' 

'  590.4 
0.588 
29.2- 

979.7  . 
0.626*  - 
57.2 

545.4 
0.435 
32.1  . 

463.1 
0.504 
18.3 

V 

- 
42  5 

552  8 
0.467  * 
34.0 

1104  4 

0-507 

63.3 

954.6 
0.528 
56.5 

1169 

0.0)24 

943  9 
0.627 

60  tS 


2040*9,  1734.7  1446.8 
0  555  1.0  525  0.530 
70.9.  i  75.3  69.5 


1704.6  2104  4 
0.602  )  0  603 
.49.2   {  57.9 


1087.8 

0.448 

70.8 

-1909.5 
0.508 
04.4 

1724 
0.459 
62.8  ' 

1964.6 

0.522 

74.1 

2226.5 
0.593 
'64.6 


1399.2 

0.448 

51.3 

1702.6 

0.528 

04.2 

2010.2 

0.6p2 

74.3 

1388.2 
0.455 
4^3/- 

2434.7 
0.7^ 
69.7 


1662.3 
0  454 
7(f.9 

2110.7 

0.681 

68.4 

1805.1 
.0.49? 
67.2 

1949-8 

0^530 

79.8 


1494.8 

0,468 

73.7 

1688  .*5 
0.533 

67.gr 

1617 

0.511 

^.7 

1715 

0.517 

77.7 


809  2 
0  457 
46.8 


I  392  2 

I  0  323 
;  33.4 


1087.4,  097  8 
'0  527  !  0.450 
59.3   !  48.3 


2479.7 
0-684 
73.4    i  71 


2076 
I  0.656. 


1754.6  2027:0 
0.493  !  0.539 
63.4  A  71.8 


1879.3 

0.523 

71.6 

2228 
0.020., 
79.4 

1785.2 
0.500' 
68 


1968.2 
0.536  ' 
75.8^ 


78. Q. 


2235.8;  2224.3 
6.596  0.604 
81.1  85.9 


2146.5 
0.583 
83.0  . 

1941. f 
0.516 
68.4 

2601.4 
^0.691 
^87.0 


872.7    1280.4  1609.9  1891.5  2159 
0t483  ^  0.522  1  0.514    0.532  }  0.574 
34.9  i  43.1     62.3     63.3'  \  72.2  * 


901.5  i  l!255  1  1600 
0.47P  I  0.496  t*0. 504 
'39.6  I  48.1    (  57.5 

^.4    1354.2  1  041.^ 
^lOSO  '  0.061,1  0.574 
7.1     '21.3  ;  40.9 


1840.8'  2P80.8 
0.510  !  0.563 
67.7.  j  76.2 

1904.4  1962 
0.550  0.524 
65:9  :  65.3 


1991.9 
0;548 
84.0 

^968.6 
0.639 

ra.8 

2292.^ 
0.625 
90.1 

,2014.6 
0.65" 
76.9 

19?9.9 
0.524 
79. & 


1690 

0.512 

73.4 

2039.1 

0.007 

85.9 

1845.4 

0.537 

84.4 

1022.5 

0.500 

71'.8' 

2l7b.7 
0.040 
87.# 

H89.6 
0.542 
.75.3 

1712  2 
0:516 
77.9  . 


1124.7 

0,426 

64.6 

1211.8 

0.492 

63.3 

1129.1 
0.459 
61  6  ' 

1445.7 

0.524 

69^ 

15U 

0.616 

02.7 

,'1336.1 
0.492 
66.1 


820  0 
0  420 
53,1 

702.2 
0  407 
56.3 

638 

0.372 

54.0 

K)7i.9 

0.508 

61.2 

844.6 
0.494 
51.5 

1017 

0.496 

55.6 


1724.3*^131 
0.^  ' 
77.6 


2123.0  1761.2] 
0*.587i  0.567 
71.9.  '  ^9.4 


1687.8] 

0.546 

82.g 

1284.1 
0.493 
64.3 

2122.5 

0.710 

84.0* 

1472^ 

0.542 

69.5 

1446.1 
0.520 
-72.2 

-1190.4 
0.504 
68.6 


^^1 

^7.6 

1493.3 

0.572 

77.2 


835 

0.438 

52.6 

1640.9 
0  072 
73.9 
.  i 
1102.6 
0.638 
5§T 

1083.4 

00^ 

'707.5 
0.482 
45.6 

=^ 


436  2 
0.309* 
40.1 , 

386.3 
0  336 
48.4 

325.5 
0  284 
45.7 

721.8- 
0t449 
48.5 

486  3 
0.428 
37.4 

580.1 
0.379 
43.2 

091.5 
0.548 
52.6 

1328.4 
0.590 
69.6  • 

458.3 
0.336 
40.9 

I322il 

^\650 

62.5 

686^7 
0.448 
4a.3 

763.5 
X).404 
50.2* 

444.0 
0.430 
25.2 


56.1 

359  8 
0.408 
21.9 

533  9 
0.447 
37.7^ 

356.8  \ 

0.331 

28.0 

239  5  ' 
0.292 
44.4  * 

218.1 
0.269 
41.5 

522  5 
0.416 
39.3. 

279 

0.345 

30.5 

f ' 

443.9 
0.376 
32.6 

783  ' 
0.544 
43.9^ 

1119.5 

0.689 

65.5 

352.8 
0.346, 
•30/2 

,1132^1^ 
0.679 
66. 1 

551.3 
0.407 
37.7 

'594- 1 
0.460 
40.2 

. 

0.505 
10.1 
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I4TITUDE  JAN 


20 


25 


30 


35 


40^ 


45 


50 


5'5 


.60 


ERIC  :  . 


'2349. 
26644.. 

2107. 
22902. 
"  1854. 
21034. 

1593. 
•18069-. 

1326. 
15043. 

1058. 
11998. 

.7,92. 

8987. 
'  536  i 

6082. 
■r  .299. 

3395. 


Table  3-2        .  • 
^MontMy  Average  Daily  Extraterrestrial  Radiation,.]? 


Btu/ft^  and  kJ/m^ 


■  FEB 
2676.. 
30359. 
•  2478. 
28115.' 

2264.- 
25679. 

2034. 
23072. 
.  1791. 
20319.. 
,  1538. 
17446. 
,1277. 
14490^. 
" 1013. 
11486. 
748. 
8486. 


MAR 

3024. 
34307. 

2896. 
32848. 

2745. 
31141. 

2574. 
29200. 

2384*. 
270i0'. 
•  2175. 
.24677. 

1951. 
22131./ 
.1712. 
19423. 

1451. 
16.4|^. 

■ 


•  APR 

3307.- 
37515. 

3271. 
37111*. 

3212. 
36436. 

3129.' 
35497. 
■  3024. 
34303'. 
*  2897." 
32869. 

2751. 
3i209. 

2.587.  ' 
29345." 

2407. 
27308.^ 


MAY. 
■=^28. 


93  •■/■.,../v" 


JUN 
^  34li. 
38884..  39144. 
3496.  3530. 


40046. 
3588. 


-3935.6. 
■  34 8S. 
39569. 
'  3489. 
39530.  41129'. 


'   3460.  .3.643. 
39247..  -41328. 

• 

3415.  '3643. 
38737.  -41322.* 
-3352..  '  3627. 


38025. 
.^275 . 
37152.. 


41147. 
.3602. 
40-863, 


JUL 
3425. 

38893. 
3491. 

3960"6. 

« 

3532. 


40706V  40071. 
3625.    ■  3551. 


40252. 

3551. 
40281. 

3531. 
40055. • 

■ 

39644. 

344.7. 
3910(?. 
3  39  5-. 


31SfO.\'  ,.3578^' 
36:^38.     40585.'  38513, 


AUG 

3338. 
37864. 

3335. 
37832. 

3307. 
37534. 
'  3259.^ 
36976.. 

31'88.* 
36166. 

3096. 
35118. 

2984. 
:?385i.. 

2^55. 
32391.. 

2713. 
30779" 


'SEP 

3II2. 
35300. 

3018.^ 
34238. 

2902* 
32917. 

2763.  • 
31348. 

2604. 
29542.  . 

2425. 
27515. 
^  222-9. 
25283.," 

2015. 
22863» 

20277.  ' 


OCT 

2768. 
31402. 

2593. 
29413.* 

2399.  - 
27213. ' 

2188. 
24820. 

■1962. 
22255. 

1723. 
19541. 

1472.  • 
16705. 

1214.- 
13778! 
^  952. 
10798. • 


-NOV 

2425.  , 
'2  7512. 
■  2196. 
2^909. 

1953. 
22161. 

1701. 
19256. 

1441.  • 
16344. 

;li76. 

13344.. 

912. 
10342^ 

652. 
,  7396.- 

405:- 
4598. 


DEC 
'  225Q. 
25519- 
1998. 
22669.  * 
-  1738.. 
19714. 

147,1. 
16687. 

12'Ql.  w 
13626:  ^ 

933>. 
10579.  - 
670. 
7605. 

422. 
4791. 
201.  ' 
•2277. 


«  LATITUDE     Jl^i       FEB     f  I^JR      ■     .M^Y  ,      .   JUH  J.0L       '   AUG'  SEP        p^T       NOV     ,  DEC 

■    ■  ,     .        •     ^   :     '  '    Tilt  =  LalitHe  -  15°'      - " 
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25 

1.12^ 
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1.08.' 

1 . 05 

1.02 
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l.'Ol 
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30 

1.  13- 
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^.l.AO 

.9  8^ 

1'.02  . 
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35 

.  1.23 

1.19  ■"  • 
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/  1.04" 

•  .-99  ' 

.97  •• 

1.02  ■ 

1.07, 

40 

-     1 .35 

1.28' 

i:  14 
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•  :99 
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1:  0^  , 

.  1.09 
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1.-31 

1.18 
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.9-8 
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l'.  13 
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1.  71 
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■  ,1.09 
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...■9'8 

1.  04 

,1.17 

<  "1.23 

55 

2.27 

- 1.67 

1.  3'4 

.S-6  .. 

.98  "  - 

1.  06^' 

60 

3.09' 

2.07 

1.4  7 

-  ;  1.15 

1^,01 

.9  .6  '  ^ 

.•98 

1.  09 

'  1.31 

1.04  1,.  06-    1'.  07 

l.'^7  1.11  "l.\l9," 

l.il-  M.'l2  1.1^': 

1.15  '1.2br^^,^26;^/ 

1.'2  2  1.31  •  1.^ 

l'.3r  1.46       1.6  8 

1.36  1.-73,  "1.88 

l."52  1.99  2.74 

1.77  2...92  4.41 


filt  '=  Latitude 


20 

1..15 

1.10 

l.'OA 

^•.99 

25 

1.  22 

i.  13 

i.06' 

'.  .99 

30 

1.23 

1.-18^" 

l.-OS  • 

^  1.00 

35  _ 

1.-33  . 

•1.25 

1.10' 

1.  00 

4-0 

1.  47 

IT  3  6  ' 

1,14 

i.ai 

46 

1.68 

1.38  ^ 

im.9 

^  1;02 

50 

'l».  88' 

1.53  ■ 

1.26 

L.  04 

•55  ' 

2.53 

i.rm,^ 

1.35 

•  1.06 

60 

3 .  48 

2.21 

1.48 
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.93  .39   .        .  91 

.93  ,  V^^^,."  ,  .90 
...9  3-  ;  Is?"'""  .90 
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Tilt  =  Latitude '+  15° 

20 
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1  •  Ul 

.  92 

.^8 

.85  ■ 
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Q 1  ' 
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1  .^07 

l.l€  ' 

1.22 

.    ^5  ' 
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1.02 

:  93 

■  .87 

.84 
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'  .ao 

.98 
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.93 

.85 
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1  13 
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1.22 

1 .  31 

1.37 

•  l.*25 
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.93 
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1.43 

40 
45* 
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1.74'  1.37 

1 .  uy 

1 . 14 

.  93 
.  94 

.  83 

.80 
.78 

.  O  JL 

.80 

RQ 

.  89 

JL  •  ^ 

1.05 

1  25 
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1.35 

1.43 
1.62' 

1 .61 
1.99 

50 

1.95 

1.53 

1.20 

'  ^.95 

-  .  .82 

•77 

■) 

.89  , 

1.08 

1.38, 

1.95 

2.21 

55  ■  • 

2.65 

1:78 

.  1.29 

.97 

.  82 

■  .75 

.■  .78 

.99* 

1.14 

,1.56 

2.25 

3.32 

60  *  • 

4       i  * 

L 

3.66 

2.23  . 

1.^42 

.  99 

'•J  5 

.77 

.91 

1.21 

1.  84 

3.39 

5.41 
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20 

\  ,.88 

.  .72 

.58  • 

-  .  44-'-. 

.  j,y 

.38  -  . 
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■  83- 
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25 

^  1.00 

•79 

.63 

■■'.49 

>  .41 

.39 

.40  r' 

.4  5" 

\  .57 

.'73 

^-.93 

.95 

« 

30 

1.01 

.  88 

/  .68 

.53 

.44  ' 

,411  . 
".44  \ 

.42 

.45 

.61 

.80 

.95 

1.07 

35 

.   '  1.14 

.98  . 

'.74  • 

■  '..57  ' 

.47* 

.45" 

.53 

.66 

.  89 

1.07 

1.'22  • 

^0 

1.32 

"l.  13 

.81'  - 

.  62  ° 

.51 

,   .47  \ 

.49  ' 

.56  .  ■ 

.72 

.99 

1.23 

*  l.,4  4; 

45 

1.^9 

1. 17 

.85  •  - 

..66 

.55 

.5a* 

.52 

.61 

.79 

1.13'. 

1.45 

1.87 

50 

4  '  '  'i.83 

1.-36 

.99 

.72  . 

.'59 

•    -.54  \ 

.56  ' 

.65 

.87 

1.20- 

1.82 

■  2.10 

55 

2.-56  . 

1.  64- 

•  1  .,1'2 

.78 

.62  ; 

".57 

\.59 

.  .71 

."96 

1.41 

2.14 
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R  for 
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\ 

1 

LATITUDE 
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• 

FEB 

% 

'  f  dAR 

\       '  'J 

APR 

•  MAJf 

JUN 

-  / 

JUL 

AUG 

SEP' 

* 

OCT 
- 

NOV 

DEC  ' 

• 

r 

f 

Tilt  ^Latitude  - 

15° 

*  ■ 

• 

20  ■  * 

1.07 

^1.05 

1.03 

1.  01 

1.  01 

1.  00 

1.  00 

1.01 

,  ,1.02 
1.04 

1.05 

1.07 

1.08 

25 

l.d5 

1 . 1-0 

.  1.05 

1.  02 

1.00 

.99 

/ 

J* 

.99 

l.Ol- 

1.08 

1.13 

1.11 

30  • 

I'.IS 

1.16 

1.08 

1.03 

1.00 

.98 

.'■9"8 

a-.o2 

1.06 

1.13- 

1.16 

1.20 

35  - 

1.29 

1.  23 

1.12 

1.05 

.99^ 

■  .97 

.98 

-  1.02 

'  ' 1.09  ■ 

1,19 

1.26 

1.33- 

40 

1;44 

•  1.  35 

1.17 

1.06* 

^..99. 

.97 

.98 

1.03 

1.12 

1.27 

35.39 

1.51 

1.68 

ll40  • 

1.  24 

1,09' 

1 .  00 

.97 

.  .98 
I 

.99 

1.05  " 

1.17 

1.3^ 

1 .58 

1.85 

50-  . 

1.9!o 

'  1.58. 

1.32  ' 

1'.12 

1.01 

.97 

^  1.06 

1.23 

1.46 

1.92 

2.11  r 

2.60' 

1.  86  , 

.  1.44 

.1. 16 

\,1.02 

-.97 

.  99  ■ 

1.09,- 

.  1.30 

"  1.66- 

2.25 

3.16  ? 

60       .,  " 

3.59 

2.36 

i.61 

1.21 

r..97 

1. 13 

1,41 

1.99 

3.40/ 

5.16 

/* 

TiTt  ='  Lat^itude 
 . — ^ 


\  • 

20  .    -1.19     1.12  1.05          .99^'       .95    '  .  93  ,.  94  .  97  ^   1.03       1.10  1.17  .1.21 

^5  ■  1.28^   l.i7  •  ,1.08        1.00          .94-,  .  .92  .93  >.97  1.04  '*    1.14  1.24  1.23' 

30  -  .  1.30'-'1.23  1.11        i.OO  ^    .94,  .91-  .92  ■  .97  1.06       1.19  1.26'  1.34 

35  1.43     1.32  1.14        1.01          .^J  .89  .91  -  .,98-  1.09    -1.25  1,37  1.49 

40;^  1.61     1.^45'  1.19  "1.03          .9?^'  .89  '.91   *  .98  1.12       1. 34. »  1.53  1.70 

45  ,1.88.1.  4^  1.26        1.05  '^...9,3.'  •  .89  .91  "■.99  1.16.    1.4-7"  r.75  2.-12 

50,^  2^13     1.69  1.35        1.08          ,.94'   '  .88'  .90"  l-.Ol  1*.  2^      1.54  2.1^  2.40 

55  .      •2.94,    2.00  1.47  'l.ll          ^  9'4  '  '  .88  .90"  .1.03  ,    1.30       1.76  2.50'.  3.66 

60  ,      .  4:;09     2.56  1.64  .  1.16'         .95  .88  .91  l'.,06  1.41    '2:il  3,84  "5.98 
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> 
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1.10 

1.22 
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25 
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■.85 
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1.14 
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1.30 
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< 
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.93 
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.89' 
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1.11 
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.79    .  •/ 
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.89 
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1.25 
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55 

3*11 
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• 
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i.l3 
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20  ,    1.'30  '1.17*""^ 

25  • 1. 42  ^  1.23 

30  1.4*3  1.31 

35  *  1.59  1.42 

40^  ,          '  1.58 

45'  .        2.18     l.e2  ^ 

50  2.48     i.87  , 

55  .3.49'  2-.  25 

60  * .  4.88  •  2,93 
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45  .  *2.. 05. -1.42 
50        *        2.37    l'.  70 


ERIC 


1 

A 

Tilt  = 

Latitude  +  -k^" 

flAR  ^ 

APR  /' 

MAY 

JUL  ^ 

1. 04  . 

•  .  .'92  • 

.85 

81 

82 

l.»7  . 

.9*3  ■ 
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.82 

..  •  .77 
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•  .79 

1.  38 

,1.(^ 
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•  .79- 
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.8-4 
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I..37 
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.89 
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1.  31 

■  r.51' 

1.69 

J  .90 

1.10 
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l;7l 
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'  /91 

,  1.15'.' 

1.57-; 

;:99' 

2.50 

,'.93 

.  1.21  J 

1.65' 

2.48 

2.84 

.95 

1.30 

.1.92. 

"2 . 91  . 

.4.. 42 

.98"' 

1.43  / 

2.  34 

4.. 56 

7.26 

.33  »,49  .71  \9,4  1.08 

,38  •>  *'.55  >  .  79'  1.  07  1^11 

-  .43''  '.62    *  .*8~9  .1.11  1.28 

■V,48          .6:9  1.01  1.28'  1.51 

'.54          .77  1.16  -.1.51  1.^83 

.60  ^  .86  -r  1.  35  1.83  2.42 

.  67      '     .9.71  ,  1. 46  .2i3r7  -.2.77 
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LATITUDE     JAM       FEB  MAR  APR  MAY         '  JUN  :JUL  AUG  ^    SEP,  OCT  NOV    ^  DEC 

'      .     ;            !^*^*"'  ■•  *•  Tilt  =  Latitude  -  15°  '  *  •  .    >  -  ,  ,  .  ^ 

20*       *                 1.  06  1.  04  -   1.  01        1.  00         1..Q0     '    1.00  '     1.01         1.03  lv0,6  1.08  .  .1.10 

2S  ''         >i4.19.    1.3r3  1.07  '  1,  03        1.  00  ,.  98    ' /.  •     l.Ol      "l.C^-  1.11  l.iv  1.15- 


30  ^    1,24'    1.20  .   •  l.il     '■l..04       »..  99           .  97  ',       .98^'^    1.02-  1.08^  .1.17     1.21  1.27. 

.  1.39     1.31  ■      1.17-       J.. 06           •9?"'-    .  96-        ..  98.',     1.03,  r.l2      /1. 25     1.  35  1.44 

40  '  1.60     i.'46    ^    1.23         1.'09-    ^  l.^OO        .   .  96           .98       -1.  05  '"l'.l7  ^^^1.31  *1.53  1.68 

'    45  •    ..1.92    ,l-.54         1..  32        1.-12    '    1.01     '     *.97    *     -99        1.  07  ■  1.'52     1.79  2.13^ 

/  50  -\    2.-22     1..79-        1.44"   "  iVl'Z^    1.03.         .97       >  --S^'      a,10'  1.3,2   *   l.'63'2.24  2.49 

.55  .             3.13-"  2.17        1.60        1.23        1.05        '  .48         l.Ol    "    1.  14  1/42       1.  90     2.  68  3.85  '  f 


60         y-'    4.41     2.*83         1.83    '     4^.30     "  1.  07  .  99        .1.  02  ^     1.19      "1.57       2.  34  ,'4. 19'  .6.39^ 

t  "  .  s  '     .  •  * 


Tilt  ='  Latitude 


%    20  '     1.25  .l.re-;      1.  07  .  99  .■<94'-    *'   .91  '„92';         .97*  1.04  1:13  l.?3  'l.'28 

.  25-  .  1.37  •l.'-23  1.11  1.  00  i-   .93        ',.89  .91  ■        .97,'  -  .1.06  1.19  1.33  ^  1.32 

>30  *      "    1.41  ■1.32  1.15  *     1.01  .    \'92        ,  .88  '    ■     .90.*'     ^97  /  J... 09'  1^.26.  1.37  '1.47 

35-"  ••.       1.^9  '1.4'4  .    1.^1  ■     1.03  '  '    .92:  .88  .    .9^0  -    .98'/  1.13  1.  35  1.  52  *  l.'p-^ 

'40  1.84  1.61  1^  1.28  1.06  .93.     ,  .88  .       i90    \  '1.00  1.18  i.'47  1.  73       1.  96 

•'  45  .          12.21  1.  69  .     1.  37  ''l.D?  .94    '       .88  . 9'o  ,1.02  1.25  1.65  V.b3  -2. SO 

50  2.54  1.  96  -1.50  lCl3  .  95     .      .  88  .    .,91  1.05,  ^1.3*5  -1.  75  2.  55      2.  90  -  ' 

•    ^5  •••  -3.61  2.38  i    1.66  •  UlS  .96    .''      .  88  .  92  1.  08  1.  44  "2.05  '3.04  '4.53  . 


60 


5.08.   3.i3        1^0        1.26    ■    ■  .98  .  89'     '    .9.^,"   1.13      .1.59       2.53     4.  7'9  7.48- 


ERJC.  '         ■•  ■     ■  •    ■  ■■:  ■    '-  lOS - 


.    '     /•  '         ..  '       ■         Table  3'-6  .(confinued) 

'    •     '  '        '  '  R  for^KT  =  -  .60 

,  L:AT.ITUDE     JAN   '•  FEB'     '    MAR    .  "  ■  .ftPit  ,     ^  *mXY*      "    JUN.  JUL 


Tilt  =  Latiiude  +  35-°^ 


20     .  - 

1.35 

1.20 

'i».05'. 

.  .'$2, 

,83 

.7.9'',r*' 

•25  \ 

1.48 

'i.27. 

1.09  , 

'  ..9(3 

.  82- 

':-.78  • 

.  aa 

\  30 

;  1*5V 

1.36 

1.13  ' . 

,  .94' 

'  .11 

.79 

:  35 

.    1-.  70 

1.49, 

1.1€  . 

, .  78 

■  40 

1.96"' 

1.-6.8'  . 

•1.25 

'  .98 

;.'82 

.76 

.-•.73 

-  -45    \  • 

2.37' 

i.73  , 

JV34 

l.Oi' 

'      ■  •    '  •  .■- 
..83 

..7.5  • 

50 

«2.71 

•2.07  • 

•  i>45; 

'  1-.04 

-  « 

'  .75  ■ 

.79 

55 

3.87 

Z..4'6- 

.l."63r'-^' 

1,09 

<^'^    .'85  ^'  ' 

i 

.75' 

..'7  9 

60 

.,•-5., 4  2 

3.24  * 

1-.86 

.1.15  ' 

-  **j,86 

.76 

'  .'80 

Vertical^ 

> 

20 
25 

1.24 

'.81 
,  .9V.  ' 

..56 
.64 

;4i 

.25 
.29 

'  .25*' 

>  ♦ 

.••66 

■30 

'  .1.27 

1.05  ^ 

'  .-73. 

^  .'47  ■  . 

■'.33 

*  .-29 

;  .-30 

^5  ; 

1.50 

1.2i2,  ■ 

~.  .82  • 

!  .54.' 

*;38^ 

.-.33 

'.35 

'.40' 

■  '  1.81- 

•  1.'45.  ' 

.94 

.  6F' 

.      ...38  •  , 

.40 

45* 

2.26 

•  1:53 

.  1.0'7 

,  .69 

•    '  , 

.  f  .43  , 

-  .•4  6 

^50 

2.62 

•* 

■  7 

1.23 ''i 

.78. 

.  5^  ' 

. 

•  .52 

AUG 

ri  T-«  T) 

SEP 

OCT 

♦  DEC 

i 

.ff8 

1.00',. 

•1.15' 

1.  30 

'1.40 

.88 

■  I'.  02^ 

1.21 

1.41 

l.*42 

.88 

1.  05  ••  ■ 

■l':28 

.I.I4. 

1.'58' 

■.'89  ' 

1.08. 

1.3?' 

'1.60  ^ 

1.80 

'  .90  : 

1..13 

1.50 

•1.  83. 

2.12' 

1 

.92-;" 

i.i-e 

1..6  8 

.  2^16  •' 

•2.73 

.94. 

I. '27  ■■ 

'1.77 

'2.72 

.9.7 

:  iroi  . 

i.'3a  , 

1.52  . 

4 

2^8 
2;.  56 

^3.21 
.5.08 

4.91 
8  .'-08 

^  •> 


..2  9 

•.•47- 

...72 

.98 

■1-;1^5 

.54' 

• 

■  .82 

r.i4 

1.18 

.41  * 

•  .'62 

..93 

l'.18 

■  1.38 

.47 

..70  " 

1;0,7. 

1.38 

1.64 

.53i"-'..,. 

-  .79 

1.23' 

1.64 

^2.  06 

..60 

.90  ' 

1.45  ■ 

2.01 

'  2.66 

.67 

i.b? 

1.'58^ 

2.61 

3.07 

Table  3-7,  •  .  , 
MohtiT^ly  Average  Qaily  Radiation  on  a  Tilted  Surface 
"tilt  """^^^  ^  t-atqtude  -  15%  ■A=Btu/Ft2,^  B  =  RJ/m2 


LAT  JAN 

FEB 

MAR 

APRIL 

MAY 

JUNE 

JULY 

AUG 

SEPT 

OCT 

.NOV 

p:  B 

A  B 

'A  B 

A  B 

A  B 

A   /  B 

A  B 

A  B 

A  B 

A  B 

A        8  . 

A 

B 

20 

746 

*8472 

842 

9563 

933* 

10600 

1001  ^ 

11367 

1037 

11781 

1034 

11743 

1038  11784 

1040 

11472 

951 

10801 

863 

9797 

770 

8749 

721 

8192 

25 

707 

,  8031 

80,2 

9109  < 

911  '10347 

1000~ 

1 1355 

1040 

1 1807 

1U4/ 

1  1QQ>1 

1046  11832^1009 

QTl 

OJ  X 

/  JU 

8295 

653*. 

7412 

30 

633 

7193 

8705^ 

680 

9996 

"  991 

11259 

1045^ 

11870 

1054 

11968 

1048  11901 

1011 

11485 

913 

10369  . 

798 

a062 

656 

'  7446 

604 

6860 

35 

'587 

6667 

7^5 

,  8237 

848 

'9636 

975 

11075 

1034 

11740  . 

1054 

11968 

104-3  11845 

996 

11314 

886 

10062 

654 

8563 

611 

6946 

555 

6308 

40  ' 

536 

6092 

687 

7802 

814 

9248 

951 

10805 

1026 

11656 

1058 

12026 

10«N1843 

974 

11067 

851 

9660 

717 

8146  ' 

566 

'  6423 

504 

572? 

45 

485 

'  5507 

604 

6857 

'769 

8736 

929  . 

105B1 

1023 

11621 

1058 

f2024 

1037  11776 

3956 

10851 

821 

676  ' 

7679" 

515 

5645 

470 

5332 

50 

406 

4610 

555 
• 

6303 

731 

8299 

*»899 

10205 

1004 

11408 

■1054 

11974 

1^26  11655 

930 

10562 

781 

8874 

600 

6C!6 

472 

5367" 

378 

4289 

55 

3f65 

4142 

5754 

688 

7808 

860 

9772 

991 

> 

11257 

1036 

11768 

1012  11495 

907 

10300 

743 

8436 

553 

6283 

389  ^ 

4415 

347- 

3938 

60 

301 

3147 

4T64 

52^ 

644 

7310 

830 

'5421 

*965 

10964 

*1029 

11688 

997  11323 

886 

^0064 

702 

7969 
* 

505 

5733 

354 

4027 

265 

3012 

•>      Table  3-8 
>lontM<y  Average  Daily  Ra.diation  on  a  Tilted  Surface 
^TILT        ^  ='.3rTilt  =  Latitude,  A.=  Btij/ft^,  B  =  kJ/m2 


fcAT 

•OAN 

FEB 

MAR 

APRIL  • 

'  MAY^ 

JUNE 

JULY 

AUG 

^  SEPT 

OtT 

fiOV 

DEC 

A 

\ 

A  ' 

B 

A 

B 

^   A       B  ^ 

h  ^ 

A  -B 

A 

B 

A  3 

'A  B 

A 

B 

.A 

B 

A 

B  ' 

20 

809 

9192 

882 

10018 

942 

10703 

%  981  ill41 

986  11199^ 

97^11039 

?76 

11084 

980  11132 

951  10802 
932  10579 

896 

10174 

829 

9409, 

8957 

.25 

770 

8748 

^39 

9531 

920  10445 

970  11022 

988  11216 

984  11172 

983 

11168 

.  979  11122 

^862 

9794 

78f 

8892 

706  „ 

.8024 

30 

683 

7761 

800 

9090 

888  T005O 

962.-10930 

982  11158 

989  11234, 

984 

11180 

962  10922 

904  10270 

819 

9306 

702 

7978  ' 

656 

7451 

35 

635 

7209 

762 

-  8652 

848 

9636 

938  ie649 

982  11-147 

978  11104 

979 

11120 

^  948  10760 

878  9969 

780 

8861 

658, 

7468 

608 

6908 

40 

584 

'6633 

730 

8290 

814 

•  9248 

915  10393 

964  10950 

^'982  11158 

968 

10997 

927  10524 

843  9571 

741 

8412 

609 

6913 

554 

6295 
* 

•45 

532 

6047 

636^ 

7223 

776 

8809 

886  10057  ^ 

952  10808 

971  11032 

963 

10935 

909  a0324 
* 

807  *  9162 

702 
^22 

7973 

557 

6325 

525 

"5966 

50 

446 

5068 

586 

6651^  737 

8366 

857  9737 

934  10608 

^  956  1G862 

942  10703 

'  876  9952 

'  768  8723 

7066. 

516 

586^ 

422 

4Z91 
« 

55 

406 

4616 

537 

6099 

693 

7866 

822^9332^ 

913  10^5 

939  ni665 

930 

105^7 

.856  9717 

731  8299 

575 

65^1 

426 

4837 

395  . 

.4484 

60 

309 

3513 

495 ^ 

56^6 

648 

7360 

786  8930 

88^  10096 

933  10593,  ^ 

905 

10283 

829  9418 

691  7847 

527.  . 

5993^-396 

4^ 

305 

3463 

*     '        Table  3-9  ' 
_;       Monthly  Average  Daily  Radiation  on  a  Tilted  Surface 
"tilt       '^t  '^       """^'^^  "  Latitujie  +  15%  A  =  Btu/ft2,  B 


LAT  JAN 


HAR 


APRI 


B 


B 


KAY 


JUNE 


JULY- 


AUG 


SEPT 


OCT 


NOV 


,  DEC 


B 


20  838  951?   882  10018 

25  802  .910r  839  9530 

^0  7G0  ^  7951  \  800.  9090 

35^  654  7426    762  8652 

40  60(i  68lV  735  8^51 

45  551  6?63   m  7171 

50  463  5257    S86  6651 

55  4J6  .4835    S40  *  6134 

^  328  3728   500  5677 


8 


915  10395     912  10354     903  10265     879    9982     884  10034  '910  10336  10378' 

885  10051     912  10363     904M0272     88^  1009^^  889  10Q99  890  10215     886  10066 

856   9716     895  10166     888  10090"'  882  40014^^879  9978  883  10026     8|1  9776 

818  -92S6     872    9903     877    9962  -869    9870^    973  9912  870  9873     828   9404  ' 

779'  8842     8843  9570     860    9772     873  ^5?18     862/9788.  850 '  9656 

743   8440     816    9269  .   849   9645  '  85"l  ,  9669     825  9373.  826  9377 

«  • 

824    93^4     837  9505 


701    7967.    783  8894 
662  7517     752   8539     805    913^,  820  9317 
622   7061     714   8110     774    8794     804  9131 


827  9396 
806  9149 
'783  '8896 


796  9040 
763  '866? 
79&  9038     721  81Sf2 


770  8745  '  588  -  7819 
74a  840^     648'  7J50 


iB88  .10080  843 

847     9618  ,803 

812     9225  714 

774     87S§  668 

73X   8345-  617 

"697    '7914  571 
t 

609     6916  533' 

568     6448  440 

525    5960  412 


9574  82^ 

9j,ir^3r 

8110  682 
7583  '635) 

7012  580 

6485  556 

6050  444 
4992*'  420 

4676  325 


9340 
8297 
7748 
7159 
6581 
6316 
5042 

3696. 


.  ^  ^ .  Table  3-10    '  '      .  ' 

Monthly  Average  Daily  Radiation  on  a  T.ilted  Surface 
HjiLj  for      =  .3,  Vertical,  A=:Btu;ft2,  B=kJ/m2 


LAY 


JAN 


FEB 


HAR 


APRIL 


MAY 


JUNE' 


tJULY 


AUG 


SEPT 


NOV 


DEC 


"A 

B 

A 

B  ^ 

A 

B 

.  A 

B 

A 

B 

A  ' 

B, 

A" 

^  B 

•^A 

B 

A 

B 

'  A 

B'  A'' 

20  619. 

7034 

577 

6557 

525 

5969 
/ 

436' 

4951^ 

401 

4549 

392 

4462 

390 

4433 

420 

4770 

485 

6507  - 

556 

'■  63ll  603 

25  631 

7171 

587 

'  6663 

547 

6208 

480 

5455 

426 

^'4841' 

413 

46B5 

418 

4753 

450 

• 

5107 

516 

5855 

567 

•  6441-  612 

'30  561 

63"73 

597 

6780 

559 

^353 

510 

5793 

,  <460 

5223 

441' 

5007' 

445 

5049 

485, 

5517 

5^30 

60?4  • 

575. 

S53r  556 

35  544 

6180 

597 

'  6783 

571 

5482 

534 

6070 

49J 

5574 

478 

5429^ 

479 

5439 

518 

5879 

547 

62o:f^ 

^84 

^  ^627^545 

40  .524 

mi 

606 

_6888' 

'578 

6571 

562 

6380 

528 

6005 

51? 

5827 

521 

5921  ' 

835 

'6076 

562 

6381  ^582 

'6610   5  30 

45  504 

'539 

61^4 

850 

6589 

57? 

6508~ 

563 

633? 

546 

6196. 

550 

6249  . 

733 

8323 

574 

^6521  '  583 

662^^1* 

>'3 

71 

i 

5^'.  6328 


K  ■  11:4 

•   ,  -  -v 


(      •  Table  3-lV  -      .    •  * 

_       Monthly  Average  Daily  Radiation  ort  a  iTlted  Surface' 
"tilt       '^T  "       ^^^^  =  Latitude  -  15».  A=?,tu/ft2.  B*=-kJ/m2 


LAT       *    JAN      '  FES 

MAR 

APRIL  ^MAY 

JUNE  • 

JULY 

"  AUG 

SEPT 

4 

OCT 

NOV  ^   ^  4)EC 

'  A      B         A.  B 

A  B 

A    '    B  .  .   A     '  B  * 

A 

> 

B    ^  A 

B  .  A 

'  B  -  A 

'     B  'A 

B  A 

^           A          B  • 

20     1004  114Q3    1122  12750   1245  14134    1335  15156  1303  *157^^9-1375  15^58    1370  15557  134^.' 1^297    1?68    14402  1161  l^lSg    1037  11775      971  11 


25.*  968  10995  1089  ;2^71  1215  13796  1333  15141  1?86  1  574  2-  13  96  1  5858  1  381  15684  1  34^  15284  1254  14243*  lllQ  12706  991^11259 
30.  8Z4  "9928  1049  11916  1185  n4d2.ylW  15011  f39*4  158Wl405  15957  1397  15868  1349  15314*  1229  16956'  1083  12300  ^905  10282 
35  821  9324**  999  11351  T\^2  ia082  1313  14909  1378  vl  5^54  1405  15958  1391  15794*  1328"' 15086  1203*  136*67  1040  11814  >23^  8213 
.40.    763  *86e5  '  .966.  10972  *'11K  1265^    1281  145^  W69  15542  "-1412  16035    1388  15760*131^  14900    1165    1323.4    995  11305  *^00  9087* 

743  8433 
6^9^:7943 

5^  .  557  63^5  752  8546  *5  11187  1199  13616r  1335  15158'  1396  15854  1363  15483  1244  14122  -1047  11888  3p6'914a^  586  6656 
60^  '429    4875     705,8010     940  10675^  1164  1321?  1313  14909    1387  15747    T357  1S405  1225  1  391  2    1  007    11436    757  *  8595  '  551  6253 


^    /UJ    ouoj    .:>oo.  t^nH^  Acoo^    i^ioj  mofn  njoy  i:>Vid.   -laid  lOUJb    IJ88  Ib750  13 IZ  14900    1165    13234    995  11305 

45  710  8063  860  9^71  1078  12?40;  1262  14^30 -1364  '15496  1  412.  16032  1  383  i^TOI  1299. 14^49  1139  12877  957  ldS65 
50    \6)  ^830-    806  *9158'  1029  11685^  1231  13982  J353  15362    1406  15965    13W  15699  J264  r4353  -1095    12439   8'59  9758 


'       -  •     '      '     .     ,    Ta^l^^  3-12  ^ 

*  J  '  Jtorithlx  Average  Dally'-Fiadiati'on  on  a.  TTUed  Surface 
"  '^Ll'^'^r  "^T  "       -Tilt  =  -Utiti^de,  A  =  Bti}/ft2,  B^kJ/m^ 


886 
^833 
782 
'  725* 
684  ^ 
565 
533 
.414 


024 
10065 
9463 
8877  , 
8230 
782a^: 
64T9-- 
6055  . 
4700 


7, 


AT 


.  JAN 


FEB 


.  MAR  "  .A?T?IL. 


.MAY 


JUNE 


ilULY 


AUG 


SEPT 


OCL 


NOV. 


DEC 


8  •  ^A 


B 


B..  A. 


A*  8 


^8 


B 


B* 


8 


8 


,ERIC 


20 
25^ 
30 
35^ 
40 
45 
^50 
55, 


Up  '  12683  lt98    13600  1269^4^68  1?08>14856 
1250  14190  'mf  \m%^ 
1215^3826    ipk  14S74 
1172  .1^331 5^1263'  f4341 
1134  12871- ;1245  14133  ' 


1078  12238  1159-*f^I57 
363'  10938  1113  ^  ?2634 


910  10335  ld7^  U21«2 
^853     9688  l038  41785 


1301  1^775   1282  14561 
1303 
1310 

1294  ^14705  .  1289  1464? 


14798  4298  1473^ 

-I 

1487a  ;305  14817 


794  ■•.9022>  9li  10399^ 
674     7657   862  -  9795 
630  -715;?   609  \9l89 
;489'  5554   765  8690. 


I095'ra437^  1215  13804. 
a052  1M51  .  1387  1348? 
1006  11420   1147*  13029 
'957  10874'  1116  12671 


1285", 
12(59; 
1259 
1230 
1211 


iis 


14600  •  1296  14713- 
'144V)-  1295  14710 
1.4?97»  1275  14483 
13^69  '1267  14384 
13751    1258  14285 


1288  14623  1294  14691 

1297  14733  .13«2  14678 

;298  1474fr  ^282  14563 

X2n  l^e^  1276  14494. 

12^1  J4662  lt48  U17>: 

12^5:^14260  1224.13907 

1257  14271  1204  13676 

1239  14076  1175  13345 
1234  140lf<^49  13050 


l?8l  1454'4  1217; 

1254  14243  1181 

'1,229  13956  1208* 

J.203J13667  ^;093 

1165.13235  1050 
1I24^.12767  ^  1018, 

1086  12338 «  90jS 

.1047  11889  854 

4O07  11436  802 


13817  1134 
13412  1088 
13715  984 
124^0  931 
11929  881 
11490  ,  822, 
10290  780 
9700  651 
9113  621 


.12875  10^8^  1^351* 

12354    982  '  11153 

11169   9^0  10567 

10574   8.76,  9945 

10002   816  9266 

9341    790  8971 

'  / 
8852   642  /7301, 


7396  6ia 


7062  ^80 


.7014 
5447* 


116 


I 


•      ^  ^     :  '  •  ,  '        Table  3-.13.  ^ 

^    '  MonthXy  Ave ragie^  Daily  Radiation  oa  a  Tilted  Surface 

"tilt       'Ky  =       Tilt  =  Latitude  +  15%  A  =  Btu/ft2,  ^  =  kJ/iji^  • 


,                       *■  i  

f 

UAT        JAN  '             FE6          ,  MAR 

APFyi  ' 

MAY 

JUNE 

-JULY    '  AUG 

SEPT  . 

OCT 

NOV 

DEC 

'A        Bv       A        B    *    A        B  ' 

 !  

A'  B 

^  B 

•A  B 

A        8     .  A        ^  ' 
• 

A  B 

A  B 

A  8 

A  8 

11^3 

13322 

1219 

13843  1245  14134 

1215 

13805 

117a  133761 

llV 

12995 

1151 

13068 

1200  13631, 

1219  13838 

1217 

13617 

1182  ^13425 

1160 

13168 

25 

1136 

12907 

1178 

13382  1215  13796 

.1215 

13805 

1178  13381 

1143 

1297t 

U58  .13149 

1186  13468 

1206  13695 

1181 

13412*.1141  12953,  1038 

11788 

30 

1008 

11442 

1130 

12^39  1173  a^328 

.1493 

13554 

1171  13295 

1141 

13025 

1157 

13143 

1177  13362 

1171  13298 

1141 

1295*3 

1015  11523 

979 

ini9 

948 

10769- 

1089 

12366^1142  12965...-1^  ^3346 

1156  13123 

11.44 

12997 

1149 

'13054 

1159  13163 

1137  12915 

1093 

12410 

965  ltf960 

9^3 

10479  ' 

40^ 

890 

10109 

1059 

12028  1095  12438 

*1148 

13035 

11'47>J030 

113512894 

1135 

12890 

1134  12875 

1103  1?526 

f050 

11928 

909  10329 

863 

9811 

45 

837 

"?502 

10538  1060  12042 

nil 

12621' 

'1132  :12860' 

1121 

12727 

1129. 

12818 

1113  12642 

1066  121G7 

1012 

1K90 

855  9714 

'846? 

9606 

^    '      ; \  50 
« 

709', 

'  8052 

^8 

9^69  1013^  11508 

i08d 

12358 

1117  12624 

.1102 

12509 

1103 

12527 

1085  12322' 

1033  11731 

900 

10223 

816  «9266 

686 

• 

7788  ' 

55 

666 

7566 

821 

9326    971  11032 

1044 

11855. 

1086  12^334 

1094 

12422- 

1088 

12355 

1Q61  12049 

990' 11249 

854 

^700 

68G  ^21 

661 

7512 

£> 

;  •  60 

.  516 

§366 

780 

^  8859  928/10542 

1009 

11469 

1058  12014 

1072 

12175  ' 

1058 

12016 

1030'11696 

950  10787 

802 

9113 
* 

652  7413 

•&15 

5847 

1 

: 

00  • 

Table  3-U    ,  , 
Monthly  Average  Daily  Radiation  onsa  Tilted  Surface 


HyjLT  for  Ky^  ;4,,  Vertical  /  A  =  BtU/'ft^,  B  =/kJ/m2 


\LAT^  JAN 


FEB 


HARf 


APRIL 


MAY 


JUNE 


\n  JULY  , 


.AUG 


SEPT 


OCT' 


,NOV 


DEC 


.  B 


B 


B 


B 


B 


B 


20   8^2  10125     813    9229'   688  7822 

25    918  10422     832    9447  728  ,  8278 

30  822,  9339  850  9655  768  8719 
35   814  .925;,    869.9974   ,  792  8994 

^-    40    800^  9086  ^  894  10159  819  ,9301 

'-45    778   88316     799,  9072  834  9476 

50-  674   7657  ^  786   8926,^  842^^560 

lit  .  " " 


530  6022**-  466''  5288 

601  6828  499  5667 

i 

642.  7287  557  6331 

700  7951  613  695^ 

737  8370    .664  7535, 

776  8809  723  8212 

41 J  9238  777  §822 


455  5167  452  5134 

480*  5446  488  5545 

516  5861  *  536/  6091 

579  "6580  582  6609 

^40  7271^  653  7411 

699  7934    »705  ^011 

754  8559-  754  8563 


'  B 

•A 

B 

A 

B 

493 

5604 

622 

7060  * 

763 

8667 

546 

6204 

675 

7669 

798 

^ 

9059 

608 

6906 

707 

8Q?2 

815 

9252 

651 

73ft5 

751 

8527 

'830 

943^ 

701 

79B6 

780 

8862 

847 

9614 

742 

8428 

m 

9135'" 

860 

9771 

787 

89a7, 

828 

9405 

788 

8953 

B 


794    ^  980  10309 

886  ldp63  830*  9450-^ 
812    9^19     819s  9305 

811  92ir 

792  8993 

^809  9183 

661  7513 


/lis  . 


.in 


■ ,  /  _  :  -  • 

.  ■  Table  3-15 

Wonthly  Average  Daily  Radiation  on  a'Tilted  Surface  ^ 
H-fjLT  for      =  .5,. Tilt  =  Latitude  --15°,  A=-BtO/ft2,  B  =  kJ/m2 


r 


4.  » 

LAT      JAN  , 

FEB 

MAR 

APRIL 

MAY  J 

JULY  AUG 

SfPT 



OCT 

NOV 

DEC 

/• 

A  B 

 r — 

A  B 

K  B 

A       'B  ' 

A  B 

A  B 

A     •  B     ^A  -  B 

A  B 

 1  

A     *  B 
•  * 

A  B 

A  B 

20  1267  14387    1417  16090    1564  17768  1668  18945  1729  19636    1723  19572*  1712  19446    1684  19121  *  1585  18003  1452  16486  13^)8  14856    1224^  13908  \^ 

25  1231  13983    1374*156e3    1532  17409  1683  19112  1733  19678    1728  19623    17?6  19605    1682  19105    1568  17804  1411  16030  1261  14323    1128  12808  ,     ^  , 

30  1120  12725    1.334  15151.  1508  17128  1668  18947  17^5  19587.  1738  19742^  1729  19635    1686M9142    1551  17611  1377  15647  1161  13186  ^  1076  12222  "  « 

35  1066  12106    1Z90  146^1  J466  mM  1641.  18636  1723*  W567    1756  19948  *  I73g(  19743    1679  19043  '1518  17241  1333  H5140  im  12542    1014  11514 

40  1007  11433    1252  14223    1429  16224  1631-  18523'  1728  19624,  1765  20045    173^  19737    1656  18806    1483  16839  J293  1A688  1051  11931     960  10901 

45  *  951  10798    1129 '12824    1391  15793  1^6  18242  1722  19562  ,1764  20041    1728  19627  ^1639  18613    1454  16509  1247  14 167  99:3  11275     927  10526 

50    815    9257    1072  12172  .1345  15270  1566  17789  1701  19323    1757  19956    1Z28  19624    1609  18279    W14  16054  1132  1^862  947  10755     770   8745  * 

.^^55  .7^69    8728    1016  14543    1300  14761  1537  17460  1685^133    1745  19818    1722  19950    1597  18139    1365'  15547  y|8  12262  801^  9097    *740  8408 

60"59§'"ifc06^   971  11032    1255  14255  1503  17068  1673  18999    1751  19886  '1713  19449    1572  17852    1330  15106,  1026  11661  769    8736  .  579    6580  N> 

-        ,        .  .  ■     Table  3-16  .             *  ^  ^  ^       '^  ,  ^ 
"Monthly  Average  Daily  Radiation  on  a  Tilted  Surface 

"tilt  "  Latitude,  A=Btu/ft2,  B  =  kJ/m^  .J  ' 


CO 

I 


/ 


LAT  JAN 

FEB 

,  MAR 

APRIL 

IdAY 

JUNE 

.JULY 

«  AUG« 

SEPT 

OCT 

'     NOV  .      '  DEC 

A 

B 

A 

B 

A    '  B 

A- 

B 

A  B 

A 

'  B 

•A  B 

A  B 

A  B 

„A  B 

 >  :  

A      ^B      •  A        B  • 

20 

1413 

16253 

1533 

17407 

1601  18183 

1635 

18570 

1609  18275 

•1622 

18421 

1593  18095 

1617  18364 

1601  18179 

1548  17585 

1454  16507^1404  15949 

25 

1400 

15895 

1485 

16869 

157B  17902 

1634 

18555 

1629  18497 

1604 

18220 

1604  rg'219 

1615  18348 

1583.17975 

1502  17059 

1415  16066  "^4278  14508 

30 

12591 

14303 

1447 

16434 

1549  17594 

1620 

18400 

1620*1839? 

1595 

18114 

1605  18232 

I6O2'  18203 

1565  17775 

i 

1462' 16599 

1278  14515    1215  13800 

35 

1201 

13642 

1402 

15920 

1517  17228 

1594 

18103. 

1619  18381 

1612 

18302 

1597  18131 

1595.  18118 

1532  17398 

1421  16133 

1232  13989    1161  13183 

40 

1139 

12937 

1369 

15544 

1476  16765 

1571 

17837 

1606  ,18249 

1601 

18184 

1596  18126 

1576. 17902 

14?6  46987 

1382  15690 

'  H73  13320    1098  12463 

45  1083  12298  1221  13871  1434  16287    1548  17585    1586  18Q33  1601  18181  1587  18205  1562  17735    1454  16509  1342  15242  'lllO  12610  1076  12219 

50  926  10514  •1167  13258  1384  15713'  1511  17164    1574  17871  1594^48104  1588  18038^  1535-17433    1424  16181  1206  13698    1070  12151  887*  10076 

55  878  9974f  ,1107  12577  1343  15247,1486  16873    1554  17647  1583  17979  1567  17790  1512  17167    1379  15661  1158  13158)    902  10243  *863  9797 

FFs£C     ^  7791  1065  1209'*2  1292  14670    1455  16521""  1545  17551  1572  iy857  1560  17716  147)16714^339  15208  11^3  125^26.  873    9909*  6^76   7673  j|^20 


*     '     ;  Table  3-17 

_  MontMy  Average  Dai ly  Radiation  on  a  Tilted  Surface  /  . 
"t-ILT  ^o^'i^t  "        '^-^'it^  Latitude  +  1.5°,  ir=B^/ift2,  B  =  kJ/m^ 


tAT        JAN  ' 

FEB  •  MAR 

— i  '—Jt  

'  APRIL^ 

MAY             JUNE-         "JULY  /  AUG 

r                                                                 *  1 

SEW 

OCT  , 

NOV 

'  DEC 

A  B 

A    ,    B        A  B 

A  B 

A  ,     B        A        B*      A       ^     "^A  B 

 z  :  *  

h     '  8  . 

A,  ^  8 

.A  "  B 

A      *  B 

V               20  1527  17319  1566  17760  1672  17840    1521  17257  1457  16525  1397  15853  140^15946  1485  16849-1540  17474  1550  17585    1528  *1:7333  1507  17098 

H        .             1496  16970  1524  17290  1780  20201    1521  172^7  1457  16529-  1394  ^15819  14i4J6040  1484  16835  1524  17290  1517  17207  /•1493  1693^  1359  1541> 

^                 30  1326  15039  1482  16820  1509  17128    1493  16943  -1448  164^1.  1399  15875  1413  16028  1472  16703  1494  I69T2  1475  16736    1338  15180  1303,14786 

35  2532  28730^  144*4  16381  1480  16790  '  1486  16861  1429  16207  ]396  15835  1403  15915  1450  16454  14^65  16b'14  1433*16257   ^284  14568  1243  14100 

1207  13689  141^6052  1430  16224    1^51'  16465  1418  16091  15911  '1403  15911  1437  16275  1432  16248  13^  15801    1232  13974  1177  13^353 


40 


45  1152  13077    1246  14132.  1392  1^93  1420  16105^  1417  16075  1384  15702  1395.15821    1409  15^79    1395  15S21  1352  15340  1170  13277.  1166  13224 

SO.  *982  11144    1194  13548  1346  15270  1389  15760  1391  15780  137)5  15635  1380  15659    1388  15740    1348  15296  1215  15782  1130  12824  952  10799 

55   935  10613    U39  12921'  1301  14761  1358  15406  1375  15603  1350  15324  1361  15444  *  1356  15386    1310  14861  1166  13227  949  10761  933  10588 

r 

60    730   8284    1096  12432  1264  14338  f 324  15019  1340  15200  1342  15219  1341  15212 '  J329*  15081  ^78  14498  1114  12633  924  10483  729  8226 


^'  .     .         Table  3-18        '    ,  ' 

Monthly  AveragTe  Daily  Radiation  on  a  T.ilted 'Surface 
Hj^^j  for      =  .5;  Vertical,  A  =  Btu/ft2,  B"=  kJ/m2 


LAT      JAN       ■      FEB  MAR."         APRIL  MAY  JUNE  -         JULY  AUG  SEPT  OCT      "       NOV  '  DECi 


A  B 

A  B 

B 

A 

A^ 

B 

A 

<  B 

A 

B 

.  A 

B 

A 

B 

^A  ^  B 

A  "-"^      A  B-* 

20  1174  13322 

1044*11840 

862- 

9777 

612 

6940^ 

496 

5638 

500 

5676 

497 

5634 

550 

6247 

762 

8649 

983-11148 

1140  12931    1215  137B0 

25  1232  13982 

1090  12370 

927 

10511^ 

703 

7979^ 

555 

6297 

512 

-5807 

6139 

634 

7188 

830 

9415 

■1024  11618 

1175  13326i  1109  1^581 

30  1103  12515  . 

1132  12839 

975 

1105"5 

787 

^926 

645 

,7320 

^  574 

6513 

600 

681 5. 

711 

8070 

899 

10204 

1068  12118 

1084  12300    1112  12617 

35^1107  12558 

He9  13266 

1030 

11680 

860 

9762 

714 

B104^ 

652 

7403 

675 

7655 

782 

8874 

953 

I98I5 

1105  12534 

108^  12349    1110  12600 

40  1100  12486 

1209*13715'  1072  12168 

922 

10462  ' 

796 

9207 

747 

8472 

763 

861^0. 

861 

9765 

1003 

11374 

1138  12908 

1088  12340    1099  12468 

45  1084  12298 

1092.12388 

1099 

12462 

985 

11175 

888  10072 

819 

9297 

847 

9613" 

929  10535 

1043 

11831 

1163  13190 

1070  12143    1128  12800 

■■   .  Table  3-19  , 

_      Monthly  'Average  Daily  Radiation  on  a  Tilted  Surfaca* 
"tilt       "^T  "  -6.  Xnt  =  Latitude  -  15°,  A  =  Btu/ft2,  B^kJ/m2 


J 


LAT  .   JAN      .       FEB  ,       ^  MAR  APRJL  MAY  JUNE  -JULY  AUG.-         -SEPT  OCT  NOV  PEC 

•■^  .-i'      B.    ■  A       B        A        B   '-SA       B       A       B      »A     ■   B        A       B        A*.'   **        A"    •  B    ,    A       B       A  B 


^0  1536  -17425    1702  19308.  1887  21407    2004  22734  2057  23330  2070  23486    2052,23336    2p23  22946   1923  21815  1760  19971    1572  17828  148<?16842 

«5  1504  17066    1680  19062    18^9^21088  ^^^22  22934  208Z  23614  2076  23547    2074  23526"  «021  22926    lV)l  21570  1727  19589*  1541  17486  1379  15642 

'  30  1379  15649    1630  18489^1828  20740    2004  22736  2072  23503  2088  23690    2077  23561    ?025  22971    1860^213301684  19103    1418  16p89  1324  15022  . 

351107  12558    1598  18134    1807  20498    1990  ?2576  2070  23480  2088  23690    2088  23691    2014  22851    1857  21066  164118615    1378  lS630  ' 1271  14417 

40  1273  14441    156^9  17800    1759  19955    1977  22434  2076  23548  2098  23804    2087  23685    2008  22784    f828  20738  16i>  18294  '1323  15004  1211  13735 

45  1218  13821    1421  16122  '  1723  19?44    1947  22088  2069  23474  7120  24050    2097  23793    1987  22545    1790  20306  1571  17821    1263  14331  1192  13519 

50  lp55  11970    1372  15562    1685  l5l21    1931  21909  '2Q71  23500  2110  23947*  2976  23S^    1969  22342    1765  20024  1440  16337  1 1225  13400^  10Q2  11362 

'55  1007  11422    1318  ^4954    1644  18646    1909  21657  2063  23405  2118  24027    2089  23695    1953  221^    1717  i9479  1364  1$707    1048  11893  976  11067 

60*  792   8483    1270  14409    1604  18200    1877  21300  2048  23233  2125  24107    20^8  23^70    1937  21976    1683  19100  1336  15160    1019  11560  770  8730 

'      '  •             ^               ^  Table  3-20    -    ,4   -  ^  ^ 

•   >       _    Monthly  Average >^)Mly  Radiation' on' a  Tilted  Surface  .  ^ 

•  "tilt       "^T  "       ^i^'t'=  Latitude,  Btu/ft2,^  B  =  kJ/m2      >  ' 


LAT     '  JAN 

.     FEB  MAR 

APRIL 

MAY* 

 * 

.^JULY  ^         AUG  , 

SEPT          '  OCf  , 

NOV 

'  DEC 

.     A'  9 

A                A     ,  B 

A*  b: 

A  B 

A  4  B 

A       B        A    ^  B 

 .                 c  - 

A      *B;,      A  B 

A    •  B 

A  B 

20  1761  19983  1^2  21124  1941  22025  1964  22284  1933  21931  1884  21373  1892  21469  1942  22036  im  22027  1876  21290  1790  20303  1727  19598 

25  1732,19647  1829  2b749  192^218^7  1963  22267^  1936  21960  1885  21384  1906  21624  1941  22018  *  1920^21775  185l' 210001*1752  1987:7  1582  17954 

.  '  •        ^  *  .  ,               ^            '  .  . 

30  1568  17795.  1793  20338  189*4  21487  1946  22080  1925  21842  1894  21493  1907  21638  1926  tl845  1898  '21528  1814  20573  160^  18216  1532  17387 

35  1520  17238  1757  19934  1869  21200  1934  21937  1923^1821  1914  ,21716  19^8  21758  1916  21741  1874.  21254  1772  20104  1551  17598  1474  16720 

^  -  ^  "    ■  ^  s  ... 

^  40  1463  16607  1730  19628  1831  207,67  1923  21^1$  1930  21900  1923  21821  ,1917  21751  1913  2im  ^^1843  20915 '1730  19628  1495  16965  141^  16024 

45-1402  i536l  1560  17692  1788  20284  189^  21496  1926  21841;^  1923  21§18^  1907  ?1629.'  1895  21492  -IBJiB  20636  1705  19345  1424  ^6253  1399  1586^ 

•50  1207  13696  1502  17040  1756  19918.1865  2U60  1911^^1674  1915  2172^  1906  2l648  1880  213^6  1778  20175  1546  175^40  1395  15823  1166  1323? 

v5«  n6i  13173 '  1446  16402  1705  19345'  1847  20952  1886  21399  1902.21575  1^02  21583  ' 1850  20989  1741  19753  1493  16946  1189' 13490  1148  13021  * 

60  912,10347  "1405 '15936  -1666  18896  1820  20644^,18/5  21278  1910  21672  i 894  21490  183^^0868  1705  19344  1445  16391  n65  13214  900  10219 

,     ^  «^                            ,  ^                        ^  ^  ^  , 

^ .  ^ '                                                 '  .  •  \     .  ^                                                «.  '  •  * 

I 


Table  3-21  .      •    "  ^ 

_   „   Monthly  Average  Daily  Radiation  \n  a  Tilted  Surface  * 
"tilt        "^T  "        "^^'""^  "  Latitude  +         A  =  Btu/ft2,  B  =  kJ/ni2 


LAT  JAN 


FEB 


MAR 


APRIL 


MAY. 


JUNE 


JULY 


AUG 


SEPT 


NOV 


DEC 


A 

B 

A  B 

A 

/ 

A:- 

B 

-  A 

6 

A 

B 

A 

B 

A 

B 

R 
D 

—  

A  B 

a' 

A 

B 

20  1902  21582 

i 

lyc/  ciooo 

1  one  o 1 c  1  o 

1825 

20708 

1707 

19364 

1636 

18559 

1666 

18901 

1762  19992 

1867 

21180 

1910  21667 

1891 

21459 

1890  21455- 

25 

1870 

21224 

1888  21423 

1894  71482 

1825 

20708 

1707 

19363 

lS5i2 

18741 

1676 

19010 

1761 

19975 

1847 

20954 

1882 

21353 

1858  21073 

'1702 

19313 

30 

1680 

19056 

1847  20954 

1861  21113 

1811 

20550 

1716 

19468 

1658 

18806 

1674 

18994 

t747 

19818 

1828 

20738 

1842 

20900 

1688 

19147 

1647 

18689 

35 

1625 

18430 

1818  20626" 

1822  20674 

1784  20233 

1714 

19449 

1653 

18754 

1662 

18856 

2112 

23960 

1791 

20?B 

1798 

20402^ 

16J3 

18524 

1589 

18022  * 

40 

1560 

17690 

1805  20481 

1787  20280 

1778  20170 

\m 

19310 

1661 

18845 

1662 

1^851 

2161 

24520 

1766 

20029 

1765 

20030 

1582 

17945 

1528 

17332 

45  1504  17061 

1597-18111 

j^9  19840 

1756 

19919 

1701 

19291 

1639 

18595 

1652 

18745 

1709 

19385 

1732 

19645 

1736 

19697 

1524^ 

17294' 

1527 

}  7.328  ' 

50 

1288 

14612 

1548  1756r^--H^  19387 

1717 

19474 

1669  18936 

1632 

18516 

1656 

18791 

1683 

19092 

1698  • 

19266 

1563 

17741 

1488 

16878 

1259 

'14282 

55 

1245 

14122 

1494  16953 

1674  18996 

1692 

19191 

1670  18948 

1621 

f 

18388 

}6J4  18533 

r662 

18851 

1^669^ 

18930 

1516 

17195 

1256 

14245 

1244 

14n4 

60 

t 

973 

11040 

1454  16497 

163U18499 

1661 

18842 

1646 

18673 

1631 

18506 

1629 

18486 

,1644 

18652 

1630 

18493 

1462 

16585 

1235 

14015 

'973 

11039 

Table  3-22 


■_^onth.ly  Average  Daily  Radiation. , en  a  Tilted  Surface 
^TILT        "^T  "        Vertical,  A=Btu/ft2,.  B  =  kJ/V 


LAT  '  JAN 

FEB 

MAR 

APRIL  MAY 

JUNE  JULY 

AUG 

SEPT  I 

OCT^         n1)V  DEC 

A  B 

A  B 

A  B| 

A        B        A^  8 

A        B  ^'      A        B  ^ 

A  B 

A  B 

A        B        A        b'      A  B 

20  149^  16'945 

25  1567  17783 

30  1413  16027 

35  1434  16262^ 

40  1440,  16337 

45  f434  16269 

125. 


1300  14754  1016 
1368  15519  1112 
1426  16177  1202 
.1489  16889  1266 
1558  17678  -1344 
1412  16017  1396 


11522  674    7653  514    5833    ,517  5871  514    5834-  581    6588     877    9954     781    8855    r426~16177    1552  17608 

12613  805   9129  604  ^  6848    .530  6007  545  '  70a   7945     978  11093  1276  14471  .1502  17038    1415  16049 

13640  906  10274  690    6834^    624  7082' ,  636  ^  7|i3  814    9233    1079  12245  '1338  15185    1383  15691)    1,439  1*6323  . 

14366  1014  11501  79^  9013'  7l8  8143^  746   8461  919  1042^*  1160  13166  1404  15934    1408^5977^.144.^  16420 

15251  1107  12554'  913  10361     830  9423  852    9667  1013  11500    1234  1.4003  1448  164?4    1417  16082    1441  1635r 

15842,  1199.13607  1024  11621  '  939  10661  974.11055  1114  12642    1310  14858  1499.17001-  1419  16093    1488  16884  ^' 


I 


ERIC 


if" 


-I 


7  \ 


3-36 


1 

-J- 


V 


Figure  3-7 


3-40 


LATITUDE  ="25°           n  . 

TILT  =  Latitude  -  i5°  . 

T 

=  lU 

•  * 

«  » 
t 

* 

• 

 < 

t 

« 

^^^^ 

* 

• 

r 

 ( 

fc—  

w 

• 

> — 

 ^ 

 1» 

 1 

r 

i 

 < 

^ — 

 ( 

- 



* 

1 — 

{ 

1 

/-^ 

 3l> 

— 4 

\ 

 i 

1  

4 

1  

/ 

.  t 

\ 

 1 

r 

4 

M.  ■■ 

 1 

• 

 ^ 



«  • 

0.3 


0.4 


0.6 


Figure  3-14 
IT  versus  ICj- 


\  DEC 


JAN 


NOV 


FEB 


OCT 


MAR 


1/ 


■y^  SEPT 


APR 

V 

AUG 
MAY  • 

JULY; 
JUNE 


0.6 


3-41 


•<T 

Figure  3-15  ■ 

R"  versus-  K-r 


Figure  3-23 
*     IT  versus 


versus  ITj 


3-51  _ 


1.7  r- 


LATltUDE  = 
'TI\T  -  LATITUDE 

TTI  T    =  -iCO 


«  T 

Figure  3-25 
IT  versus  1L_ 


SEPT 


MAY 
JULY 
JUNE 


erJc 


145 


3-5Z 


Figure  3-26 
1?  versus  Kj 

'  146  ■ 


-^3-54- 


0 

ERIC 


'  2.8  - 


Figure  3-28 
1?  versus  Kj 

148  • 


DEC 


NOV 
JAN 


SEPT 


MAY 

?t  JULY 
"JUNE 


3-55 


LA-TITJUDE  =55° 
TILT  =• LATITUDE 
TILT  -  550 


D^C 


JAN 


Pigure.  3-29 
"R  versus 


NOV 


FEB 


OCT 


MAR- 


•SEPT 

APR 
AUG- 
MAY 
rdULY 
JUNE 


149 


hgure  3-32'     .  • 
"R"  .versus  ICr       v  ^'^ '  . 

•    152'  ■.  '- 


3-65 


J 


R 


K 


T  - 


Figure  3-39 
^  versus 


VSEPT 


3-70  • 


.  2.0 


Figure  3-44 
R  versus  IC, 


ERIC 


164 


'71 


TRAINI6IG  COURSE  IN 


TKI=PRACtlCAL  ASPECTS  OfN^ 
DESIGN  OF, SOLAR  HEATING  AND.COOLINfi  SYSTEMS 


FOR 

RESIDENTIAL  BUILDINGS 


flOffULE  ,  \ 


SYSTEM  DESIGN  G'UIDELINES 


K 


SOj.AR.  ENERGY  APRLICATIONSt  LABORATORY 
•COLORADO  STATE  tiNIVERSITY  * 
.    .    '  ■  FOftT  'COLLINS,  COLORADO     '  ^ 


ERIC  : 


167 


{       „   »  \ 


4-1 

TABLE. OF  CONTENTS 


•/V.  li$t  Of  Figures  • 
.Lf5t'*of  Tables  ..  - 

•  •  .  ■■    ;  ■ 

•  \  Glossary  of  Terms 

•  "  *List  oT-  Symbol s.^ 


INTRODUCTION     .  . 

_  _  y 

TRArNEE-bRIENTE!)  OBJECTIVE 
SUB-OBJECTIVES  . 
APPROXIMATE  COLLECTOR  SIZING  METHODS'; 

'       A.    huck-'winn.metJiod-      '  •  ; 

>         •  fe.  '   BALCOMB-HEeSTROM  METHOD.  . 

V   DESIGN  GUIDELINES  ... 

-  '  ^  -■  '  ' 

STEP  BY. STEP  DESJGN- PROCEDURE  . 

*  DESIGN  DATA       .  .  .     •  . 

■  4~-  .TEMPERATURE  DATA  .  .     '  \ 
-   SOLAR  DATA 


.  \ 


4-ii 
4-iii  ^ 
4-1V  . 
4-v 

4-f 

4-1.-  . 
4-1 

'4r2' 

) 

4-2    ,  . 
.4-12 

4-2l'  ■ 
..4^2'  * 

'.4-25  • 
4-26-'  ;• 


er|c 


4 

'"r 


•168 


'      .        ••        LIST  OF  FIGURES      -  '  "  '  ■    ,         '  . 

'  ■  .       Page  ' 

-  ■•  *  ">       '  .         •  " 

A1r  System  -  Space  and  Service  Hdt  Water  Heating    .       .  4-3 

Water  System  --Space  and. Service 'HoTVater  Heating        .  4-3 

Air  Systfenr  7^Sefvice' Hot  Wciter  Heating         .  *       .       *  4-4 


Wat6r  System  -  Service  Hot  WaW  Heating  -     .      ^ '    .  4i^4 
Fraction  o^^nnua V;Load  Supplied  by  Solar  as  a  Function  * 
'  '  •     .of  H^^/L  for  G.eneraVLocations  -  Air  Sysftem    .       .  4-^27 

•  4t6        ,  Fraction  af  Annual  Load  Siipplied  by  Solar  as  a  Function  ' 
*  of  Ht-A/L-  for  the  Six  Water  Collectors  Tested  for  General 

'     ^  ".Locations  .       .  .     .       .  ,    .     '         .       .  '  ^;     '4-28  • 

^  ^^4-7-         Fract^'on  "Of  AnnualvLoad  Supplied  by  Solar  asT  a  Function       ^  * 
*Qf  H-i-A/t.  for  All  TBSted  Collectors  dnd.fo.r  General 
"Locations  .  .  ^'    .   ^  .r'  .   /  *      *    .       :  ,  4.-29  ' 

4-f*'"""  ""^ ^Tfacari^^^  Load  Supplied  by  Solar  as  a  ^Function  - 

of  Hyi^L.  for  Anx  iocation.  Slope  =  90   -  Air  System    '  ,     -  4-;W 
4-9     ^  -*FrdctV)Vof  Aniuial  l,Qad  Supplied  "by  .Solar  as  -^Function* 

Of  HT-A/fc  for  Any  Location,  Slope  =  9Cp  -  Water  System*  .  -  '4.31 
4-10^     .  ^fraction  of  Annual  Loid.  Supplied  by  S9l&r  as  a  Function  *  i 

'    *  ^  •     _        •  '         '  »  '  ^  *  H     .      '       *  •  ■ 

V;Of  HyA/lVoV  A^ll  Tested  Collectors  for  Slope  -  ^^for  '    ^  .-^ 

General  Locations    •  .       .       "^^i.        •    •    \c           ^   •  4-32  . 

4^-11    '     *Huek-Winrh  Design, .Prh^dui^e                ;    .       .  '  '.-^^  .  "4723 

4-12       /Balcojjib-HedsVrom:  Desi^r^iyQC^       ^       •     ' 'v      •       •  '  4-24 

'4^24  to     Degree  Day  t^aps^       ,   ''■  '     •  .'  •.      •  4-33 

. '  '..  '  '  .  '  '        .  ^^'''^  '■ 

/.'*'••         ^  /  *    '    -  4-44 


/ . 


4  . 


ERIC  ~v  >,  ,      ,     169  ., 


4-111 
LIST  OF  TABLES 


C 


4» 


Table. 

4cr2 


4;3: 

4-5 


Schedule  of  Dail/Hot^Water  Us^ge 


.^Standard  Deviations  for  Design  Curves^of  Figures^  4-5 
Through  4-7       .  .       .       .    '  . 


SoJjr  Collector  Data, 
Col  lectorj^aram'eters 
. Heating  Load  Data 


Page 
4-5 

4-7  .. 
4-7 

4-8  '  , 
4-12 


.  .4-7 

'  4-8 

.  4^9 
.  _  4-10 

4-11 

■  4-12 
4-13. 


.A 


•Stanfiard  Dev-iations  for  Design, Curves%f  Figuf^ePl7§ 
Thig)ugh  ^4-%  Slop^^'O^.  ./^     .     ^^    .  \       .     \  ^ 
Standard  Liquid  STystem  PaVameters  for  Balcomb-Hedstrom 

Procedure  .  *  ^.  •  ^   .  > 

Standard*  Ain^^^tem  Parameters *for  Balcomb-Hedstrom^ 
Procedure  .       .       .       .  ,     .  .  >  /  '  * 

Values  of  LC  for ,85  Selectee!  Cities  .     J  . 
MpnthTy  ,Degree-Oays  and  Solar -Rad+ation  on  a  Horizontal 
Surface 'for  kidianapol  is ,  Indiana    .  .  . 

Morifchly  Solar  Insolation  on  a  Tilted  Surface  for 
inc^anapolis,  I'ndiana,  by  tiie  Balcomb-Hedstrom  Procedure'.  4-19*-* 
Monthly  Solar  toad  Ratiossfor  Bo'ulder,  Colorado  f". 
Monthly  X-Fa€tor  foj-  Determining  Annual  Sbl&r  Heating  . 
Fraction  for  Balcomb-fletJstrbm  Propedure  .    ,'  .\  ... 


'  4rl3 


4-14 
:4-i6 

'4-18 


/ 


•r 


170, 


J 


( 


GLOSSARY  OF  TERM? 


ASHRAE  AmericanrSociety  of  Heating,  Refrigeration  and  Air 

*  •    -    Conditioning  Engineers  • 


Algorithm        A  procedure,  specif ically  jfor  computations 
Ambient   ^        PreVfiiling  environmental' Condition    "    '        '  • 
Insolation    ^  Solar  radiatjon  ^ 

Laligley  Measure<5f\s^rtar  radiation,  1  cal/(cm)'^  '  or 

l69  Btu/(ft2) 


i 


3>: 


171 


4-v 


LIST  OF  SYMBOLS 


A 
DD 
H 

L 

Q 

R 

.^higfv-. 


OES 


Collector  area",  ft 

ree  F-day  [65  -  ^^hiflh/"  ^low^  -j 


Total  average,  daily  solar  radi-ation  on  a  horizontal  surface  for 
■  a  month  (Btu/ff^-dayi  '        .  ' 

Average  daily  extraterrestr-fall  solar  "radiation  on  a  horizontal 
surface  for  a  month,  Btu/(f t^-day)  • 

Total  average  sola^r  daily  radiation  on  a  tilted  surface,- 
(Btu/ft2-day)  .         •  ' 

Ratio  H/H        '     '  '  ^  ' 

Annual  or  monthly  heat  load,  ^tu  -  ' 

Heat- load,  Btu/hr  or  Btu/DD 

Heat  requirement  of  building,  Btu/DD  .  *        *  - 

^RatiolT^/tT  •  ^ 

Highr  temperature  for  day  ■  ^  *  , 

Low  temperature  'for  day     .       ,  /  * 


ft     -        ^  .-7^ 


•  1  •  ♦ 


ERIC  - 


•  r  172 


4-1  '  ■ 

4  . 


'   ^  -  .  •  INTRODUCTION 


7RAINEL-0RIENTED  OBJECTIiVE  -  ,       '  ,  J 

Th*e  primary,  objective  far , the* trainee  in  this  module  is  to  learn 
simple  and  rapid^ methods  for  sizing  solar  colTectbrs  and 'designing 
heating  and  service  hot  water  systems. 


$UB-Ob!]ECTIV^       -  ,    '         '  '    ■  ,  ■ 

^  4 

At  the  end  of  this  module  the  trainee  should  be  able  to:     "  .  . 

1.  Relate  info"rmation  on  solar  ippuf  radiation  to_  sizing  systems. 

2.  ■  Describe  building  load  4quirements. 

3.  Describe  the. efficiencies  of  components  and  systems. 

4.  PerTd^n  qui.ek  .<ialculations.  .      -  ' 
It  is  important  th«t  tHe  designer  of  solar  heating  and/or  cooling 

*    I 

systems  be  able  to  perform  rapid  and  approximate  calculations  for 

determining  the- size  of  the  various  components  thatTonstitute  a  solar 

heating  ahd/or  ci^oii^ system.   Jhese  approximation  techniques  presented 

in  this  module  nfay  be  used  to  provide  quick  checks  against  more  detailed^ 

analyses  to  ensur^against  possible  gros§  errors,  and  may  also  be  used 

.  to  provide  information  to  a  potential  client.  'From  an  approximali  col-  ' 

lectwe  ar^ea.  sizing,  and  using  arr  installed  system  cost  based  on  collector 

area,  (say  $20  ,pdr , square  foot  of  collector  as  given  in  Mcnlirle  2),an.  ' 

approximate  system  cost  can  be  estimated  for~the  purpose  of  discussions  ' 

withccTients.    It  should'be  emphasized  that  the  metheds.  presented  >n 
•  *    ^  '  k      I''     ,  .    ■  * 

;  this  module 'are  only  approximatewand  should  rrot  be  used  for  the  detailed 

design  of 'a  system.  ^        -  ^ 
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APPROXIMATE  COLl,ECTOR  SIZING  METHODS  •  ^ 

.A.     HUCK-WINN  method]  ' 

^Design  curves  have  been  developed  for  air  and  water  residential 
solar  heating  systems  for  space  and  service  hot  water  heating,  and 
se#ice  hot  water*heating  separately.    The  system  configurations  modeled 
ar6"shown  in  Figures  4-1  through  4-4, and  the  assumed  daily  hot  water 
usage  schedule  is  given  in  Table  4-1. 

/     §ev.eral  methods  of  plotting  the  annual  fraction  of  the  heating  load 
supplied  by^the  solar  system,  f,  as  a  function  of  climatic  conditions 
were  tested.    Of  those  methods  tested^ the  parametric  group^-  HjA/L  gave 
the'best  results;  Hj   is  the  January  solar  insolation  on  the  tilted 
collector  surface,  A   is  the-collector  area,  and  '  L   is  the  total  heating 
load  for  January.  *     '  • 

Thirty  cities,  dispersed  throughout  the  continental  United  States, 
were  selected  for  the  development  of  the* design  curves.    The  data  points 

fop  each  location  were  obtained  by  assuming  a  particular  collector  and 

*  »  * 

^collector  area,  and  calculating  the  annual  fraction  of  the 'heating  load 
supplied  by  the  solar  system  for  the  given  area. 

Three  restrictions  were  imposed  for  the  development  of  the  curves*^ 
One,  the  annual  fraction  af  the  load  supplieti  by  the  solar  system,  f, 
must  be  at'Teast  (i.l.    Two,  f-  could  not  exceed  0.9.    And  three,  the 
collector  are^  was  not  to  exceed  1200  square  feet.    These  restrictions 


y  '   •  .  .    •  ' 

Steven  Huck  and  C.  Byron  Winn,  "Design  Charts  for  Residential  Solar 
Heating  Systems;"  submitted  to  Solar  Energy,  Decemb^er  1976. 


re  4-1.   Air  System -Space  and  Service  Hot  Water  He^iting  ^  ^ 


figure  4j2.   Water  System  -  Space  and  Service  Hot  Water  Heating 

♦  * 
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Figure  4-3;   Air  System  -  Service  Hot  Water  Heating 
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Table  4-1.    Schedule  of  Daily  Hot  Water'  Usage 


Percent  .of  Tota;i 

Usage.  ^  Time 

Percent*  of  Total 

Usage 

Midnight  -  1 

''2.25  \ 

Noon  --1  ^ 

3.60, 

1-2 

'    n  nn 

\    •          1  -  t 

Kin  ^  ' 
0.  lu 

'      2  -  3'  * ' 

'  "  a  an 

9  7n 

*               t .  /u 

.           *3   -  *T 

9^  .AH 
4  .'*tU 

•   *  s 

4  -  S  ' 

*    u  •  uu 

9  in 
^       ^,  lu 

5  -  6 

6  -  7 

n^n 

u  •  uu 

^   '    1.50^  ' 

0  -  u 

6-7 

0 .  /o 
.            6.75  . 

* 

7'-  8  ' 

\   4.65  i 

■•■7-8 

'  n.6o 

^  '8-9 

•  •   "  7.25' 

,*  ■  '  .  8:9 

9,60  ' 

• 

9-10' 

'  8.49 

6.90 

•10  -  1.1  • 

6.90  • 

10-11 

5U6 

Jl  -  Noon  J 

4.50 

11  -  Midnjght 

'4.65  . 

were  imposed  for  economic  reasorft^   A  system  designed  to  supply  less  than 
.  lO'-percent  of  the  required  iQad  would  pg^obably.  never  realize  a  dollar         -  / 

•  savings  due 'to  the  high  fixed  costs  of  the  system..  These,  fixed  costs, 

*  '  #  "  •  '  V 

would  be  f or^requi red. t^eat. exchangers,  pumps  or  blower.s-,  and  piping  or   '  -  ' 

ducts.    On.the  other  haw,  a  syst^  designed  to' suppiy^mbre  than  90  percent  ,\ 

of'  the  ^equired  load  may  not  realize  a  d'oll^ar  savings*dufe  to.  the  fiigh  cost  .* 

of.  the' col  lector  array,  th'at  w^Sto  be  required.    Forvthis  same  reason  the' 

col  lector,  array  area'  was  not  allowed  to  exceed  the  l'200-square-f6bt 

•  limitation.    These  are  reasonable  restrictions- foi;  residential.  constr^Uction,"   •  ' 
>    '''A^ least-squares.,  polynomial  gurve  fit  pf  the  form  .        •  '  -  ^ 

■  ■■  ■        '■   ■       ■   '  i 

:    f  -  llgH- l»,1T|A/Lt      (IT/A)   +...  +!»„.•  (if|.A/L)"  •      ■      ■  ,. 


^ix-^..-   ....  ....  .      .       .  ,N%  ' ;  4- 


was'  ]|^lectec(*to  fitt\the,data  generated  for  the  three  dq^sign  cases,  for"^  '  ^• 
air  of  :^e  cpll^ctlrs  tested.   The 'design  turves 'given  in- Figores  4-5  . 

■  '  .  .     '  .  '        •     ,  • .  ;f 


.ERIC/  -    .  •  ,       c. 177       >     ,  r.    .  , 


V 


through  4-7, show  thfijresults  of  the  curve  fitting  process  for  each-' 
J;o1^ctor  analyzecf.*  fable  4-2  putl'ines  the  t^esulting  sWdard  ^deviatioris 
for  each  desigrj  case  arid  coHector.    The  values  that  were  assumed  for 
the  collector  parameters  a'nd  their  Respective  cScie  numbers,  for  use  with 
the  design  curves,  are  given  in  Table  4-3.    Values  for  additional  col- 

■9 

lectors  are  shown  in  Table  4-4.  ^  • 

*       The  following  example  problem  Illustrates  the  use  of  these  curves. 

Suppose  that  we  wish^to  design  a  solar  system  to  prwide  approximately 

75^  percent  of  th,e  space  heating  and  service  hoi;  water  requirements  for  a 

house  t'o.  be  located^ near  Denver,  Colorado^    The  hous^  has  a  heat  load  of 

24^00  Btu/DD  ^eluding  service  hot  water).    -      \  ' 
w       .  ^ 

Tjje  January  heatihg  requirements  are  determined  by  multiplying  the  - 
heat  load  by;)fbe  average  number  of  degree  days  fdr  January  as  determined 


3 


'  from  Table  4-5,which  gives  normal  heating  degree  days  for  many  locations 
in'the  Unitpd  States^*  A  degree  day_  is  defined  as- the  d.ifference  ^tween 
_  theaveriige  »temperatu»:&fan(l  65°F.  That  Ts,  if  the  "average  temperature^.  - 
,  for  a  day  is  30^F,  then  there  would-be  65  -^30  =  35  degre|gdayS" in  that 
^day.    Continuing  with  our  ^afnpfe  We  obtain^ 

L  =  (24,000  ^)  (1,132^  DD) 
r  ='27.168  )f  lO^Btu  ,     "  •  '  /        *  .  ^ 

*  .  ^        r  •  ' 

or  27.168  million  Btu  for^the  month  of  Oanue(jry.^' 

The  radtc^tion    H^.   on  -the  tilted  surface' is  determined  by  the  use 
of  the  material  presented  in  Module  3.    Fir^t  we  find  the' radiation  on' 

*.Se6  Apprpximate,Size ^'Curves,  pages  4-27  through  4-32  *    .  •  ■ 

**'See  De'gi^ee  Day  Tables,  pages  4-^5  through  4-53-  /- 


Jatrie  4-2.  .  Standarct  Deviations  for  Design'  Curves  "  \ 
of  .Figures  4-5  Through  4-7     .    '  ^. 


,   Case  Description  ' 


Figure  « 


Coif.  .No. 

— VI  


.-  ,Std.  Dev. 
 Sf^ 


Air  System  -  Sp^ce  ri,ea.ting  and- 
Serv^jce  Hot  Water  }Jfcrting 

Water  System  -  Space  +1eating  ' 
and  Service  Hot  Water, Heating 


Air  and  Water  Systems  -  Service 
f^pt  Water  Heating" 


,4-5 
4-6 

/ 
4-7 


1^' 


1 

2 

3" 

4-. 

5 

6 


"1  " 
2 

,'3  ^ 

4., 
5  • 
'6 

.7  . 


0.02922 
0.02953 
•0. 03847 
0.02904 
-0.03202 
0.03871 


0.04376 

0.04249; 

0.04425 

0.04416 

0.03910 

0.04896 

0.04222 


¥  ■ 


\ 


Table. 4-3.'  Solar  Collector  Data 


 «- 


Colleo^r  Number       jiype     \.  'Manufacturer 


B.tu/hr-ft?-F' 


1  ■■ 

..  .  ,  .  Water 

2 

Water  • 

Water 

4 

•  Water 

'5  .  •  ' 

,  '     ^  W&,teF,,c 

6  ■  - 

.  Water 

7 

.  Ai  r  " 

NASA/Hj)jieywel  1  •  -..70 
NASA/MSFC  .53  , 

NASA/Honeywell  •  .80 
NASA/Honeywell  •  .74 
Mylar. Honeycomb  ' 
NASA/HeneywelV  '  ..7T 
PP6C'  '."-..W 
Solaron  ■     .  :52  ' 


 ■—.  ^  r  ^^-^  ^ 

Assumed  .  F'/Fp -^"trg?  for  all  wa-ter  collectors  ' . '  " 
'  i  \  .=*  l-.00  foV*  air  collectors  (rtp  heat  .exclianger).   .      *  •  '  , 

Wheje-  F^/Fp   is  the-'heat.e)^changer  factor  ' 

the.  col  lector 'fefftciency  factor     -  .  ' 

'  l'  •  .Fd   is  tTie  collector  heat  removal -factor 

" ' "  J^\'  '.  .C.b1  lector  pVeraTl  Joss  .  -  .  '  ^ 

..^  ■..  ,Tq   t^"'*'!^  9^'^'''B^o''/*y30SJiy.ttanc,e-4bsorbahp^^ 


Table  '4-4. .  CaWector  Parameters'' 


1 

Manufacturer 
 Y-  

^  ,  VdlU/Tl  iT  r; 
« 

.  'Owens- IMinois 

— "       ^  * — ^  — 

.447  - 

♦  -  .205 

Intertechnology 

'  -  Liquid    ' ^ 

,.650  . 

,  .610 

Liquid     *  * 

.639  .  ' 

.614  '    '  ' 

Liquijl 

.745 

KocKy  noun  tain 

Liquid 

i079 

.789 "  *' . 

Southwest  Std.  . 

,       Liquid  . 

.672 

^.794 

«  T 

""Sunwarks  . 

^  .Liquid 

<            _  _  _ 

V  ^650  '    .  .  < 

.789 

•     /  ' 

Trantnr        .  f 

1  1  n  1 1 1  rt 
^       ,       L  1 1{U  1 U 

*  »    ./uu  ' 

Miroimt  y 

Liquid  - 

-.724 

■  .947  . 

> 

Bea'sley-^ 

.  Liquid  ^  • 

-  .600 

-  .759    '  " 

Soltex  .* 

V  *  Liquid  \ 

■  .600" 

|7S9  . 

Revere 

Liquid 

.9^4 

Barber        • . 

,  '  liquid  ^. 

,   '1.-204'  "  .  ' 

S61ar  Products 

'  "  Liquid     *  7 

.600  :    ^  " 

1  .057.  '  . 

Taken  from  graphical  presenta-tion  is  V'Comparison  of  Flat-flate  Collector  \. 
Performance  Obtained  under  ContYolledmn^itlOBS.in  a  Sql.ar  Simulator," "v 
"by  S.4t. -dohnson  and  F.  F.  Simon. of  Lefc'Reseipch- Center,  NASA;.;Cl'evelandy'  , 
Ohio.  \      ■     .   '  "■  .  *•  '  -  '    'r  - 

*6ased  on  a  TiagJ^i zed  "approximation  of  the  efficlency'Cxnrve.    ,  ' 


0 


a  horizontal  surface  from  Figure  3-K    We  see- that  this  is  approximately 

201  ly/day  for  the  r^egton  hear  Denver,  ^lorado-    This  figure  is  con- 

2  ' 
.verted  to  Btu/ft  -day  by  multiplying  by  'Thus^ 

.;     (20' d^'  (3;69  M(vit!)  ■    ■  [ 

-  ^j.742  Btu/ft^-day  ^  . 


The  factor,  R,  for  converting  this  to  the  tilted  surface  may  be  determined 

from  Figure  3-35  using  0.55  for  Ky,  as  determined  by  the  average  ratio 

between   H     and    H,  where  _F  may  be  detenained  from  Table^3.2.  The 

0            '  .  ^         p  ^        •  <^     '  ' 

latitude  is  approx^ately  40^N»  We  obtain 

;  ,  J{^-=  1326  Btil/ft^-day 

and  . 


IC  =  742/.1326  =  Oi,55.  -  _ 
Thepi-     :*    ,  • 

R=J.89 

#  *^  '-^^ 

and  finally 

"         =  (,1.89)(F)    :  ■  .      "  ■ 

Then,  from  Figure-4-'6^,  assumfris  we  wish,  to  use  a  water  system  with  , 
collecter  number  6,' We  ob-tain    -  l 


■     —     1  75- 

as  the  value  required  to  supply^^pproximatefy  three-fourths  of  the 
heating  requirements..  Jhe  required' collector  size  is  therefore. 


I)         .   ;        (1.^75) (27. 168  x^lO^  Btu)  ,  '   .       .    •     -  ■ 

"  0%qZ  )(31-  days)  '  .  •  , 

'  '  ^  ^  ft  -day         *  •  ^ 

*  ■     .      =  1094  ft^  ••  •  '         •    ,  , 

..The  curves  in  Figures  4-5  and  4-6  were  developed  .iPor  the  case  of 
collector  slope  equal  to  the  local  latij:ude,  a  house  heating  /  "  - 
requireiTient  of  15,000  Btu/DD  and  a^'daily  hot  water  usage  of  80  gallons/day 
Tests  were  performed  to  determine  the  reusability  of  th?  curves  for  design 
conditions  which  deviate  from  those  that  were  assumed.    Th^* house 
heating  requirement  was  varifcd  between  10,000  and  30,000  Btu/DD  and  the 
collector  slope  was  varied  between-  local  l'atitude-15^  and  local 
latitude+15^  for  the  case'of  space,  and  service  hot  water  heating.    Very  . 
littlJ^hange  between>espectiye  standard  deviations  for  the  test  caies 
^r\&  those  given  jin  Table.  4-2  occurred.  ^  Therefore,  the  curves  may  be 
considered  to  be^jjsfiful  foif:./ie§igp  conditions  between  10,00^  and  30,000 

.Btu/DD  and  collect  si  opes, 'B^ween -local  Utjtude-lS^  and, local 
latitude+15^.     \  '  ^     •  ,  *  ■  - 

-A  similar  test  was ^ also  performed  for  the'case  of  service  hot  water 
h6atirig  (jnly.^  The  constr|ints  of  thmtest  were  that  the  hot  water 
usage  was  between.*50  and  *200  gallons/day  and  the  collector  ^lope  varied 

-between  l-atitude-15^  antf  latitude-fcl5°.    Again,  little- ch^ge  was  .found 
between" the  standard  (deviations  obtained  for  this  test  and  the  standard  • 
deviatidns' given  in  Table. 4-2.    therefore,  Figmrfr-4-7  may  be  used  to    *  ' 
.estifnate^collectoV   sizing  remiirements  •for' service  hot  wat&r-^^ystems 
for  any  location,  ;ioad,and  collector  tilt  betweei1#lat1tude-15^  and 


latitude+15°.         ^    ■    •  .  ' 


A 


'  t"  ,    Separate  design  qurves  were  found      be  required  for  the  case  of 
.  cbl-lectpr 'slope'equal  to  90^      The' s^ime/proce (Jure  discussed  for  the 
^eveloRnien^  of  Figures  4-5*-th^rough  4^  was  'again  employed  for  the 

development  of  ,the  design  curves  f6r  this '.particular  case.  *  The  resulting 

'  '  '  '  ^         '    * .       '  '  ^ 

•curves- for  the^cas^of  co,llector  slope  equal  to  90^  are  givenjn  Figures 

'4-8  through  4-10,    The  resulting  standard  deviations' are  given  in  Table  - 

4-6.     <  .  .  ;  ^  •   •    ,     .  , 

Tests  similar  to  those  performed  for  the  previous  curves,  i,.ef.*,  '  / 

tests  to  determine  their  \isefulness  fbr  design  conditions  that  differ 

from  those  assumed  dOring  the^ develoDment  of  the  curves,  were  also 


i-QDmi 
"  sl( 


perforijied  for  the, case  of  collector Tlo'pe  equal  to  90°.  Again,  little 

Cihange  was- seen  between  fhe  standard  deviations  qbtained'  during  these, 

tests  aT>^^hose  outlined  in  Table  4-6.    Therefore,  Figures  4-8  and. 4-9  ^ 

'are  available  for.  use  when  the  house  heading  requirements  vary 
•  -  **  - 

'^l^etween  10,000  and  30,000.  B'tu/DD  for  a  collector  tilted  at  90Vand  " 
Fjgure^4-10  is 'av^MDle*  fornjse  when  the  daily'hot  water  us^ge^^aries 
between  50  and  200  gaTlons/d.ay  for  a  90°  col lector^'s lope/  ,  *  ' 

It  should  be  emphasized"  that  th^i/s  metho^d  should  be  used  for  ? 
preliminary  design  purposes  only  and  that* more  accurate  results  would 


ordinarily  be  obtainfed  by  conductyig  a  mbnthVy" analysis  ^^s  described 
in  Module  7..   In  addition,  these-results  are  limited  to  solar  systems 
that  are  represented  by  the  configurations  shown  m  Figures  4-1  through 


standard.  Deviatiops*  for  Design  Curves  of^^mta^ 
Fiq«re§  4-S  Through.  4-IO/ilope  =  90^ 


Case  Oescrtption 


J.  Figure'  "    Xo]] .  Nd,     '  Std.  Dev 


'Air  System     Space  Heating  and 
>ejivice.'Hojt  Wa'tei>HeLating 


4-8 


I. 


Water  System  -  Sp^ace  Heating  " 
and  Service i^Hot  Wa-ter  Heating 


4- 


Air-'cyid  Water  Systems  ^-Service 
Hot  Hater  Heciting    ^  jfg^ 


4-10 


2 
3 
4- 
5 
6' 

.7- 


0.0a33J 


0; 031 38 
0.03093' 
0.03318 
031 47 
0.03168 
^03164 

■0'.M525 
0.04^21 
0.044 
0\ 04579 
(\03655 
0\)3617 

.tr:  0:^388 


-B.    balcomb-hedstr6m  method' 


"^e'Objective  of  this'*method  is  .to  enable  the  desi^n&r  to  estimate 

the  collectoj-  area  required"  to  supply,  cm  annual  fraction  6f.  the  loa'd  - 

,^ual  .to  0.^5,  O.SO^or  0,75,         methpd  require?  "(nohthly  average' 

■Vadtation  data 'ancf\iponthJy  average  degre'e^^ information, 

'■       ""The. development  df  thds  ppQcedufe.  v^^s  based  oh  a  "standard"  r.iqu,ld 
■  *  .  •       .   .      ,  ,  •    '    ■  ^i.      «  *  • 

.collector'and.a  '^tandard'"  a;ir.  co]  1  ectop.  -The,  two'i's^d^rd"  systems 

•  -  '    '  ..        •       ■     .        •       '       .  -^-^ 

used'by.  the  authors  are  presented  iriTTables  4-7  and  4-8".    The  results' 
"■'  .  '     ■     .  .     •        ■       •  ^ 

were  found  to  be  s'o  close  for'  each  System  that  the  estthiatiqn  method  '  ' 
"wa§  assumed  to  be  the?  same  for' both  system  types,'".  .:—'>■  <h  '  ■    E;,    •  ' 


.J.  0.,  Bc^lcomb  and-J'.  Ci'^Hedstrom,  "A  SiJnpljified  Method 'fd^- Calculating  * 
■^Required  Solar  Collector. Arrfiy'Siz^ 'for  Space  Heating,"  Sh'aring  the  Sun 
■  §olar  Energy 'Conference,  Winnipeg,  Canada,  August  1976,  .' 


as  4 , 
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Table  4-7.    Standard' Liqujd-'System  Parameters  for  Balcombr'Hedstroni  Procedure 

Values  of  D/ra'meters  used  for  th?  ,"standaH"  sblar  heaiihg  sj^tem  using 
.  liquid-coqjfed  solar*  collectgrsj  a  heat  exchanger,  water  tan^  thermal     \  , 

storage>arrd  a  forced  Air  heat  distribution  system  to  the  ^uiWin^. 
-The  values  are  normalized  to  one.  square  foot  of  collector  {^t^)\        -  ' 


SoTar  Collectors 

^  '  /Nunfiber  0/  glazings 

,  GTass  transm^issivit;y - 

\      (at  normal  incidence)  • 
Surface  absorptance '(s*olar) 

.  Surface  emittance  (IR) 
Back-insulatiqn  U-value 
Coqlant/f\ow  rate       ;  \[ 

^  Heat  £abacjty  k  ^ 

.  *   'Heat  transfer5?oefficient 
to  liquid  coolant 
Tilt  (from  horizontfil ) . 
Orientation  '  r 

JCOJ 1  ector^  P.l  ufabi  nq  ^    •       '  •  1 

Heat  loss  coefficient 
(to  amb,ient) 

H^at  Exchanger      .  " 

.Heat  transfer  effectiveness  ^  '  • 

■  Thermjal  Storacjg.       .  '  • 

•  _  <• 

^at  ,cap,acity  •  t 
HeVt^Toss 'coefficient' 
(Y.ev,  assuming  ?am  heat 
'*1g(SS  is^to  heated  space) 

Heat  Distrfbution  S^^s.tem  * 

;Design!  air  distribution  ,  •  ^. 
temper.atiire*  *\     - »  \ 

Controls    •  , 

^    ',Buil-dingWtritalne(t^t  6&?F  ' 
'       Collectors  onx^v/hen  advantageous 


1  * 
0.86 

.0.98 
0.-89 
0.083 


-30 


(6%  absorption^ 
8%  reflecj^ion) 

BTU/hr-°F-ftp  • 

■  BTU/hr-'?F-tr 
\BTU/°F-ft2, 


^Latitude  +_J0  degrees 
Due  south- 


0.04 


TO 


120°p 


BTU/hr-°Fr'ft^' 


&TU/°F-}ir-ft^ 


BTU/^F-ft^  o 
BTO/°f-hr-ft^ 


4 


*The  co-il  and -air  crrculafi on- are  si-zed  to  meet  the  butld-ffig  Iddd-  with  an 
outsidfe  teniperati>re'pf -2T  witti  133°F  Watec  and  airflow' rate  adecluate 
to  make  up  the' spa'cp  heat,  losses  at  aii  air  discha,rge  Jemperatare-bf,  .' 
,  lEC^F'.-  Th1rcorrespQ\ids  ttJ f  i  lined- tube 'fcoil  effectlv^pess"",  o1^    '  ' 

,80  percent,       '     ,      ,•  •  ,  •  ■. 


'7- 


Jable  4-8.    Standard  Air  S^^tem  Parameters  for  8'aTconib-Hedst.rom  Procedure 


Values  of  parameters  used  for  the  "standard"  sole^  lieating  system  usifig  - 

bed  thermal  storage ^^nd  a  forced  air' 


a.ir  heating  c.dl lectors,*  a  rqck 
heat 'distribution  to  the  buiJding^ 
foot  of  collector  (ft^) 


Values^ are  normaVized  to  one  square 


Solar  Colj 


Number  of  glazings  » 
'   '    Glass 't%nsmi ssi VI ty 

(a^  normal  incidence) 
GlasSs  absorptance  '  ,  . 

Glas^  emittance 

Back-insulation 'U-value .  ^ 
Heat  capacity         .  ,  • 
Airflow  rate 

Heat  transfer  coefficient  to  air 
Tilt 

Orientation  k         *  . 

Collector  Air  Ducts  ^ 

Heat  loss  coefficient 
'  '  r  ^  tto  aMffent) 

Thermal  Storage 

^    ,  Heat  capacity  ^       •  '.^ 

Heaft.loss  coefficients    ,  « 
•  (i-e* ;  assuming  all  heftit  loss 
.  «nS'to  h/eated  space)    ^  \ 
Dimens|onless  rock-bed  Ijeat  v 
transfet:  length* 

Heat  Pfstributign  System 

Airflow  rate 

Controls-    .  • 


Bui  1  ding. maintiiined  at  68  F. 
Collectors  on  when  advantageous 


1 

0,86 


0.98 
-*0,89 

0/083.;  < 

;  latitude^  +  10  degrees 
'  Due  south 


^{6^  absorprion, 
\8%  reflectjon) 


BTU/hr-^/-ft^ 
;  •BtU/^-ft2  ^ 
CFM;ft2  ^   '  ^ 
BTU/hr-OF-ft^  ^ 


OJ 


BTU/hr-^F-.ft^' 


BTU/^F-ft^ 
BTU/^F-hr^ft^ 
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CFM/ft' 


*Thfe  rock-bed,  1  engt'h  (^dist^nc^'  1n\the  direction  ofrflow)  is  greater  than 
'     Itimei.the  r^laxatiop  lengt|}  for  heat  transfer  CIS  was  usedHn  the 

mod^l)*,    Physically  this  means,  that  the *bed  is  at  least  12  times  as*  Ipng" 
•    as  tne/rock*(i*iamete)!>.    It  is  impsrtant  to  note  1;hat- the- flw  directipn  is 
reversed-  in  the  rock  bedrbeing  in  one  direction  during,  the  charging  ^ 
period  and Jh  the  oppps.ite' direct fon  du^inti  dischargir\g.  ' 


'  A  table  of  85  Jocations  throughout  the  tinited  States  and  Canada  ■  - 
listing  three  values  for  a  parameter  called  LC  was  developed  and  is  ^ 
included  here -as  Table  4-9.    Each  value  of  LC  corresponds  to^an  annual^* 
fraction  of  the  load  supplied  by  the  ,sal.ar  system  for  each  location.  )^ 
The  corresponding    f's    ane  for.  values  of  0.25,  0-50  and  0.75. 
•  '"If  the  location  in  question  is  one  of  the  85  given  IjDCations,  then 
the  procedure  to  dgtermine^he'  r*equired  a^rea  for  values  of   f  ='Q..25,  ' 
0.50  and  0.75  is  an  easy,  two-step  procedure.    First,  the  user  calculates 
the  house'heating  requ^irement,  QDES,  •  the  second  step  is  to  '  ' 

determine -the  require^  collej;tor  area  corresponding  to' one  of  the  three' 
available  Values  of'^^t,^  This  is  evaluated  by' dividing  the  QDES  obtained 
^above  by  the  value  of.  LC  for  the  particular    f  desired. 

"'"ForTxiimRre",  if  QDES  =  15,000  Btu/DD  a^d  7,5%  of.  the  relquired  Ipad' 
is  to  be  supplied  by  th§  solar'system  in  6rand  Junction,  Colorado,  then 


the  Tequirerf" area  is 


QDES/LCq  7g  =  15,000/22  =i*  6.80  square  feet.        .     .       "  '. 

y  ,  • 

To  determine  the  required  area  for  a  location  *not  given  in  table  4-9 

an  iterative  procedure  is  necessary.'  Th6  prcrcedure  is  beg\iJn^^  calculat- 
ing.QDES  and  selecting  a  site  from  the  tabl4  of  ,8&  location^  climatically 

sirfiilar  to  the  region  under-analysis..  An*  appro)dmate  collector  area  can 

'  '    •  ^  ,         ^  c     .  ^ 

/then  bp  determined  by  theprocedure  above.  ^The  degree-days  and  solar 

insolatioa  on  a  horizontal  surface  for  each  month  jnust  be-determined  for 

.        "  '  ■    \       ^        '         '  "     •  '  .  . 

the  .new.  Icuc.atlon. . .  The  isol.ar  inspTation  on  the  til  tied  surface  is  then 

ca*lcul:ated.    Calculation  of  the, /solar  load  ratio,*  SLR,  is  also  required 

to  refine  the. approximated, area.    The  value  of  SLR  is  used  to  obtain  the 

annual  sVlaVheat.ing  fraction-    The  rg^u^lt) obtained  for  the  annuaO  'Solar 


Table  4-9/  Values  of  LC  for  85  Selected  Cities 


1 


City,  State 


Latitude  Elevation  Degree 
:    QN  ^'        H  Days 


-LC,  Btu/degree-day-ft^ 
where  solar  piwvldes 

,  25^,- 50%,  75%  of  total 
.heat  ^ 
25%  ^      ^0%  75% 


'Los  Alamqs,  NM  ' 
Columbus,  OH     a  t 
Corvalli's,  OR  \ 
Davis,.  CA  •  . 
East  Lans.ing,  MI  - 
East  -Wareham,  MA 
El  Centro,  CA     .  . 
Flanoing  Gorge,  UT ' 
Granby,  CO 
Toronto,  Canada 
Griffin,  GA 
Winnipeg,  Canada 
Ithada,  NY 
Inyokern,  CA 
ANL Lemon t^  IL 
Newport,  RI 
Laramie,  WY 
Page,.  AZ 
Prosser^'WA  ' 
Pullman,  WA 
Put- In-Bay,  OH  . 
Richland,  WA 
Raleigh,  NC  ^ 
Riverside,  CA 
Seattle  J,  NA 
Sayvni.G,  NY 
Schenectady,  NY 
Sea'brook^  NY 
Shreveport,.  LA 
State  College,  PA 
Stillwater,  OK 
Tallahassee,  FL  \ 
•Ttfcson,*  AZ    ^  ' 
Oak  'Ridge,  TN 
Fort  Worth,  TX 
Lake  Charles,  LA  • 
Apalachicola',^  FL 
BroynsviOle,"  tx-. 
San  Antonio,' TX^. 
Gr^bensboro,  NC 
Hatteras,  -NC' 
Atlanta,'  GA- 
Ciitirlestor^  SC' 


34- 

48 


36 
40, 
45  ■ 
39 
43 
42 
33 
41 
40 
44  • 
33 
50 
42  ■ 
36  . 
42 
41 . 
41 
37 
46 
47 
42- 
47 
36 
34- 
48 
41 


39 
32 
41 
36 
30 
32 
36' 
33 

3a 

30 

26 

30 

36 

35'. 

34 

33 


/7200 

760 

236 
50 

878 
50 
12 
J5273 
8340 

443 
1001- 

£20 

951 
"2186 

750' 
.  '50 
7240 
•4280 

84p 
2583 

580 

731  ' 

440 
1050 

'no 

56 
490' 
.110 
220 
1230 
910 
64 
2440 
940 
574'', 
.  •  ^0 
•  '  46  ' 
.48 
818- 
9r4';. 
27  , 
1P18 
.  -69 


6600 
'5211 
4726 
2502 
6909 
5891  - 
1458 
6929 
5524 
6827 
2136 
10629 
6914 
3528 

■  6155  ' 
§804 
7381 
6632 
4805 
5542. 

,  5796  . 
5941'' 
3393. 
11803 
4785 
4811 
6650 
4812 
2184. 
5934 
3725 
1485 
-■(800 
3817 

::2405 

1459 
1308 

■  600 
1546 

■3805  • 
2§12  • 

-2961  ■ . 
2033 


107 
77 
.120 
198 
76 
97 
547 
111 
119 
72 

■  217 

63 
68 
232 
79 
97 
106 
128 
•117 
100 
68 
100 
133 
391  - 
94 
•  98 

■  63. 
'97 
179 

78 
132  ■ 
283 
■3OT 
111 
,186 
244  . 
324 
•51.7' 
262  " 
128 
204 
154  . 
210  ' 


•  41 

29 
42 
72 

.  28 
37 
206 
43 
47' 
27 
84  • 
23 
24 
88 
30 
37 
42 

-  48 
41 
36" 
24' 

.  35 
5? 
152 
33 

•  38 
24  . 
37 

'70 

:29 

•  52 

na 

118 
42 
73 
.  96 
129 
21a 
.  103* 
50 
.  -79 
.  59  ■ 
82 


21 
M3 
18 
33 
13 
18 
•  97 
21 
23 

-42 
11' 
11 
.42 
14 
18 
21. 
23 
18 
16 

n 

15" 
25 
74 
13 
18 

lU. 
18 
'  35 
'14 
25 
57 
59 
20 

■  37 

■  48 
65 

110  ■ 
52 
24  • 
39 
29 
41 
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Table  4-9.  (continued) 


■    •  2 
LC',Btu/degree-dayrft 

V  > 

t 

where  solar  provides 

'25%,  50%;  75%  .of  - total  •• 

.    '     City,  State- 

Latitude 

Om 

Elev|^2on 
ft 

Degre^ 
Days  ' 

*'25% 

heat 
50%  ' 

75%     '    -  • 

iMasnv  1  lie)  1 11 

JO 

0  14 

3b/8 

117 

-  44 

21         \  ' 
53  \ 

Lake  Charles ,  LA 

OA  " 

on 

39 

1  /I  c  n 

1459 

261' 

104 

Little  KOCK,  AK 

JD 

^/o 

oo  1  n 

3219 

126  ' 

■  48 

24 

UKianoma  Lity,  ui\ 

jD 

1017 
1  J  1  / 

yO"70C 

j/2b. 

134 

'  53- 

26 

\ 

LO  1 umDi a ,  •  MU  , 

Ql  ^ 

o  1 4- 

bU40. 

102 

■  38 

'  18 

Dodge  Lity,  KA  ^ 
.uariDOU,  nt 

Jo 

Anoc 

4985 

T26 

.49 

.  24 

A7 
*f  / 

04U 

*G7C7  ^ 

y/0/ 

68. 

:  26- 

12  ■ 

^urnngton,  vi 

Job 

63 

24 

11 

•Di  ..rt  ill-;  1 1  MA 
dI ue  HI  1 1 ,  MA 

A7n 
o/U 

coco 
o3o8 

'  82  ' 

31 

■  '  -15 

Lieveiana,,  un 

t  /IT  ' 

0/  r 

AOCl 

o3b  1 

71 

.  26' 

'    •  12 

MadisQn,  wi 

889 

7863 

76  . 

28 

■M  3       '  • 

f 

bauf.L  bte,  nane.  Mi 

on^  o 
yU48 

J4 

27 

'  12 

baint  Lioua,  v\\\ 

A  a 
4o 

lUo^ 

8879 

71 

27  . 

.     13  ' 

Lincoln,*  NE  ,  » 

41 

1  Ol  c 

1315 

5864 

1P4 

'  ^9-, 

>i9  - 

niaiand,  Ia 

oooc 
LOOO 

2591 

202 

'79 

^■39 

39  b4 

2700 

228  . 

h  88 

44    ■ : 

Al Duqjjerque^  >Nig 

t097 
doc/ 

4348 

'161  ^ 

W-  64v 

31      ■  ^ 

branc!  junction,  tu 

AO 'JO 

CCA  1 

•  5541 

119 

-     '2-2  • 

"7"70  O 

77-33 

'.'119 

-  Las  vegas ,  iiv 

JO 

^     ^  1  OO 

•  OTnn 
4/Oy 

218 

*  84 

.   42  ■ 

rnoetviXf  Az. 

1 1 OQ  *  . 

1 1  jy  ^ 

TT  C  C 

'   1  /ob 

300 

118 

^    59  . 

jy  - 

44Ul> 

» ' C^OO 

5632 

T25 

•  47  - 

-    ..  ■  22  ^ 

banta  nana,  la  \^ 

^89 

2967 

3f53 

■    142  ■ 

'  67 

DismarcK, 

1  C'"7  T 

\o/j 

oor  1 

8851 

-.78 

29 

•     14  ' 

L-anaer ,  wr    *     -  *  ^  ^ 

.  bb74 

.  7870 

108 

42- 

■    21  ■ 

(Tlasgdw,  MT.  •%  'li,; 

*  Ol  no 

'  ^  1  uy 

^yyo 

105' 

<5.  41 

20      «  ' 

Kapid  Lity,  bU:.  f^,\ 

Ol  oW 

3180 

7345 

97 

37  .' 

•  .18  • 

• 

s>a  1  u  Ld  Ke  Ll  uy  5  iJ  l:  n^^*;> 

^  ooo 
>  4^38 

CACO 

5052 

10'7 

4Q 

•19  ' 

• 

DO  1  se ,  lu  '  ^.^ 

^oyb 

COA  A 

5809 

108 

39' 

17  . 

Great  FaUs,  Mt  '^^ 

Ai 
4/ 

joy^ 

//bO 

93 

35 

-     16           .  • 

opOKdJie ,  WM.*    »,  ^.  ^ 

4o 

2356  ' 

oobb ' 

90' 

31 

14 

ricU-Tora,  ur\ 

1  091  »     *  I 

boyo 

107 

-  38 

.     16  ■ 

LOS   ntigc  1  eS  ,  Lrt 

*p.v*o«nA  ^  r A      ,  '  <^ 
nresRO »  ^uM  * 

J4 

D4U  ; 

^-(Jo  1 

416  ; 

.  .157 

75  ^ 

0/ 

OA  QO 

24y2 

195 

'  ■  70 

32 

.  Silver  f|ll,'MD 

39  ^'  ' - 

292 

422.4  ' 

Jll 

-  43 

.<2T 

» 

udpc  •no  u (<cri  d d  9 

91 

cl  o 

.  HO  1  c.  , 

189 

•  74 

36 

sterling,  VA  •  ,' 
rndianapoliSj  IN, 

•  39  ' 

,  276. 

"4224 

in 

"43- 

.21-        ,  . 

«                                 .  ,* 

40 

*'Z2 

.  5699 

86 

■  32 

'    15  % 

'Astoria,  OR 

46  „ 

45186 

127  ^ 

4-5 

■    19     •    .   ■  ■ 

■.Bos ton, 'HA  ■ 

42  . 

157 

'5624 

86  ■  ■ 

33  ■ 

•      16  - 
16'      •  > 

• 

•New  York-,  NY 

'41.  ■ 

•  1&7 

4871 

88 

34 

• 

North  Omaha,  NE 

•               *     »                           ,  • 

41  . 

1323^ 

6612 

89 

{'34 

16  ,  V  • 

'  « 

.heating  fraction  should  then,  confirm  thelSraction      annual  heatOoad 
'  assumed  jnitially^.^  If  the, agreenient  is*not  satisfactory',  then  the^ 
.  collector  area  should  be^  adjusted  and  the  last  two  steps  repeated, 
.  An  examp.le  ,follows  for  Terre.Haute,-*Indiana,  which^  is  not  listed 

among^the  SS^given  locations,    A  "standard"  system  has  been  assumed  and 

,  is  expected  to  Supply  75%  of  the  Required Joad.    What^collector  area 

'  should  be  used?  -"Assume  QDES  =  15,000  Btu/DD. 

I  • 

EXAMPLE  1         '       ,  -  •  . 

-Step  1    QDES  assumed  to  be  15,000  Btu/DD  ^  " 

'  Step  .2   Cising  Indianapolis,  Indiana,  as  a  location  climatically 
similar* to  that  of  Terre  Haute,  the  estimated  ar^a  is 
.       '  QDES/LC  =  15,000/15**=  1000  square  feet 


Step  3  ■Oegree'-days  and  solar' radiatiorl  on  a  horizontal  surface 
for  each  month  (Btu/Flf )  "  ' 


Table  4^10.    Monthly  De^i^ee-Days  and  Solar  Radiation  on  a  Horizontal 
Surface "for  "Indianapolis,  Indiana 


MONTH  " 

DD  * 

'  MONTH 

)  DD 

H 

■"Uan  » 

1113 

16  ,'31 2 

Jul 

^  0 

63,225 

Feb  '  . 

949 

.  22,327 

,    Aug  • 

,  0 

56,795 

Mar 

809 

36,707 

Sep  . 

90 

45 i 399 

Apr- 

'  432 

44,436  s' 

■  Oct 

"  33,926 

May 

56,668 

Nov 

•723 

19,872 

'39. 

61,260 

**.  Dec 

■  1051 

15,224 

Step  4 

Solar, Radiation  on  the  tilted  collector  (assumed  by  Balcpb 
and  Hedstrom  to  be  tiltecTat  latitude  +10°)  ^ 

190 


r Total  radiatiibn  onn.  .  ^  " 

•  h  ,  1  .025  Y  -  8200  :^  1' 


LColle&tor  Surface 

'  hpr-p  Y  •=  total  monthly  radiatipn  en  horizontal  surface  , ' 
.wner^       ,  cos  (latitude  -  sol^r  decl ination  (at  tnidmbnth)). 


ancf  wh^re 
Sol^r  dec! 1  nation 
Lat  midmonth'  : 


.21.45  cos  (30M  -  1^)^ 


and  H  =  montf/numfeer,  Lev, -January l,r December.  =,12 


.Table  4-11.    Mpnthly  Solar  insolation  on  a  Tinted  SUrfate  for;'^.  fndia'napoM^  i 
Indiana,  by  the 'Balcomb'-Hed Strom  Procedure'  ^ 


t 

MONTH 

■  MONTH*  , 

■Jan 

.26,-104 

■    Jul  '  ^  '  _ 

60,090 

"  Feb.- 

'.29,548  ■ 

,  Aug-  y 

.  ,56,726 

Mar'^_ 

,  42,549, '  • 

Sep^ 

.50 -,788 

..^pr'^ 

■    ^    44,366  .  ' 

Oct  /  ' 

.45,564 

'•Mafy 

^  -53^893 

.Nov  ■ 

31 ,475 

$ 

Jun 

52,040  - 

•  Dec 

."  26,290 

-  - 

step  5   Determine  <Sblar  Load  R^tlo  (5L'R)'for  .each  month 
[collector^area]  x[Hj]^- 


SLR.  = 
1 


QDES,  xDD.^  ' 


,  1  =  1,  12. 


Table  4-12.    Monthly  Solar  Ldad  Ratios  for  Boulder,  Colorado 

^  SLR  . 


MONTH 

— J 

•   SLR  . 

MONTB-^  . 

Jan  . 

■Jul  *'  . 

Feb 

Aug 

Mar^  ' 

3.51 

t  Sep 

^•''Apr 

6.85  , 

1  Oct 

May 

.    20.30  - 

Nov 

Jun 

88.96 

"■-»bec' 

37,62 
.  •9.61* 
■  ^2.90 
1.67. 


step  6   Determine  the  Annual  Solar  Heating  Fractidrr  (ASHF) 
I.  -  (DD).(X)  • 


ASHF  = 


month=l 


} 


•I  ^(DD) 


nionth=l 

where 

.  X  =  T^6  ->1.3^6  exp(-0.55  SLR)     0.'306  exp(-1 .05  SLR> 
.  (FOR  SLR^-  5.66)  and  °      ^       '  *.    '      *  '  * 

x.=  ^0'    ;  .  , 

(FOR  SLR  i'  5.66)' 


■Table  4-13.    Monthly'X-Factor  /or  Determintng  Annual 
for  .Bteleomb-fledstrom 'Procedure 


ating  Fraction 


'month 

■  MONTH  • 

0.54 

Jul  • 

V.  -I  .oo' 

.   /  Feb 

0.66 

Aug 

,  '      ,1.00  ; 

"       '  Mar 

4  0.87 

Sep 

.-■  ■    M.OO    ,  ^  ■ 

Apr. 

1.00 

Oct 

'l.OQ  .  •  •.  '  ^ 

;  May'^- 

i.oo" 

Nov  « 

•     •  0.80 

1  .,00 

Dec 

■  0.57    J  ' 

z-^  .:  '  ■ 

4  ■  . 

-Then  from  the  above  equation  we  obtain  .  ^  .  . 

.ASHF  =  4162/5699  =  0.73  -       ^.  -  ,     "  ^ 

.  The  resu41:ing,annua'l  solar  heating  frs^i on, therefore, indicates 

\  '  "  ,     '      '  •  '- 

that  a  larger  area  stiould  now  be  tested  so  fhat  the' annual  fraction  of*  • 

the  loa^  supplied  by  solar  is  closer t<r iO.75.'-^  The  tes-t  was  not-carried' 

f  .  .  .  *  '  '^""^  i      :  ... 

"out  any  further.^   The  procedure  outlined  in  'Step^  1  through- 6  required 
approximately*  one  hour.     ■  .  '  ' 


ERJC 


 ^ 


t  DESIGN  GUIDELINES 


We  have  seea  that  the  primary  information  required  for  a  quick,  ^ 

J         '        .      '  '         1  -      .    -    ;  . 

approxiffiate  design  of  a,  solar  system  is  the  meao  daily  solar  insolation 

and  the  average  \mbient  temperature  or  the  average  degree  days  for  the  ^ 

given  location^    By  knowing  the  degree  days  far  the  location,  or  the 

*  average  ^bient  temperature,  and  by  ki^wing  the  design  h^atJoad  for  the 

'  structure,  the  average  heat  load  may  be  readily  determined.    The  percent- 

age  of  this  Jieat  Joad" that  may  be  supplied  by  a  solar  syst6m  is  approxi-^* 

'^mated  by  knowing  the  mean  daily  solar  insolation  on^  a  horizontal  surface 

♦ 

at  the  selected  location.  The  mean  solar  Insolation  on  the  horizontal, 
surface  is  converted  to  mean  radiation  on  a  tilted  surface  by  means  of 

9  • 

approximate  rules  or  charts.    The  collector  may  then  be*  sized  by  one  of 

the  methods  just  presented.    .  ■  '    ^      *  ' 

Once  the  size  of  the  collector  array  has-been  determined,  the  storage 

volume  may  be  established  by  assuming  ^ne-hafF  cubic  foot  of  rocks  per  < 

square  foot  of*  collector  for  air  systems  with  pebbl e«bed  ^stor^ge  or  by 

assuming  1.5. gallons  of  water  per  square  foot  of  collector  for  water 

systems.*  The  flow  rates'  of  transportjmedia  through  the  collectors  may 

be  assumed  to  be  2  CFM  per  square  foot  of  collector  for  air  systems  and 

about  6.025  gallons  per  m'inute  per  sqiiare  foot  of  collector  for  water 

systems.  •Additional  components  such  as  pumps,  blowers,  and  heat^ 

I 

exchangers  may  .then  be  sized  from  the  above  flow  rate  information.  These 


components  wil1\  be  "discussed  irt^more  detail  .in  Module  16. 

Ec"bnomic  analyses  are 'conducted  after,  the  preliminary  sizing  studies 
'are  performed*    The  system  costs  may  be  estimated  on  the  basis  of  the  ' 
prelim>nary  sizing  c'^lcUlatiSos.    These  system  costs  are  then^  used  in 


economic  analyses'  in  order  to^provide  the  cljent  with  enough  infDrmatipn. 
that  deci'sions  regarding  that  des-ign  maj^  be  made.    There'are  available  a 
number  of  algorithms  for  performing  econorrfic'onvestigations.  'The  details 
are  discussed  in  Module  8^-  ^  ■  * 

The  design  procedure  described  above  js  illustrated  in  Figures  4-^11  ^ 
and  4-12,  and  i^outlin^d  below      more  specific  term^ 

-  ^      STEP  BY  STEP.  DESIGti  PRQCEDURE      .   *  -  / 

*  ■  I 

'    -  I 

1..    Determine  the  design  heat  load  for  the  building  in*  Btu/DD.  / 
(British  ThWmal  Units  per  degree  day).  ^  '  .      /  ' 

2.  Determine  the  number  of  heating  degree  days  for  the  given/ 

'  "  /  L 

location'  / 

/ 

3.  Multiply, the  heat  load  determined  by  Step  1  by  the  degree  days 
determined  in  Step  2  to  determine  the  heating  load  for  the  building. 

4.  De^termine  the-mpnthly  average  solar  radiation  orr  a  horizontal- 
surfa-ce,  H,  at  the  given  location.  • 

.5.     Convert  the  monthly  average  radiation,  on  a  horizontal .surface 
>    •  .  / 

to- monthly  average  radiation  on  the  desired  ttl'ted  surface  to  obtain  H^. 

6,  Estimate  the  required  col lector<'area  by  one  of  the  methods 
presented  above.        -  . 

7.  'Determine  storage  size  (gallons)  for  water  systems  |>y 
multiplying' the  col]'ecto«  size  (ft^)  by  1.5  galTons/ft^.    For)' air  systems 
using  pebble  storage  multiply  the  collector  Size  by  0.5  ft^  /ockj/fl^of 
C9I  lector.  ^         '\     '     '  ^ 

;  ,  8.     Size  ^umps  t)r  blower^  front  the  requirements. that^^or, water* 
systems, the  collectdr  flow-  rate'lhould  be  abopt  a.b25  gallJis  per  min^ 


\  - 


4-23    ■  . 

DETERMINE  BUILDi|^6 
HEAT  REQUIREMENTS 
BTU/DD 


V 


V  ■ 


DETERMINE  THE 
NUMBER  OF  DEGREE  DAYs'(DD) 
"•'  FROM 
TABLE,  4-5  AND  FIGWRE  4-13 


  .  >  < 


DETERMINE  JANUARY 
HEATING  LOAD  (BTU) 


DETERMINE  JANUARY 
RADIATION  ON  A- HORIZONTAL 
SURFACE  (BTU/fY^)  FROM  ^ 
TABLE  3-1  , 


DETERMINE  (BTU/FT^ 
'FROM  THE  METHODS  IN 
MODULE'3-  •  . 


DETERMINE  H^A/L  FROM 
FIGURES  4-6  THROUGH  4-10 


DETERMINE  REQUIT^ED 
AREA  ^ 


DETERMINE 
STORAGE  SIZE 


5,IZE  PUMPS. 
pQ^  BLOWERS ^ 


■  BUILP 

 ► 

It 

ERIC 


Figure  4-11.    Huck-Winn  Design  Procedure 

195      •>''  ^ 


CALCULATE  BUILDING 

heatWrequ'irements,  BTU/DD 


«3 


I 


.DETERMINE  LCjFROM  / 

'  *  ■  TABLE  4-9  '  ♦ 
-1  T 


CALCULATE  REQUIRED 
REA 
DES 


COLLECTOR  AREA 
FROM   A  = 


LC 


/ 


YES 


DETERMINE  MONTHLV 
DEGREE  DAYS -FOR 
SIMILAR  LOCATION 


DETERMINE  RADIATJON 


ON  A  HORIZONTAL  SURFACE 
y  


DETERMINE  RADIATION 
ON  the' TILTED  SURFACE 


CALCULATE  THE 

SOLAR*  L0AD  RATIO,  SLR 


CALCULAT€  THE  ANNUAL 
•SOLAR  HEATING  FRACTION, 
-     ASHF  ■ 


DET^RMir^E 

YES  ■ 

STOR^j\GE  ^ 

>  

*  • 

SIZE! 

SIZE  RUMPS 
OR  .BLOWERS' 


BUILD  IT 


;V  Figure*4-12>  BalcGijibrHedstrom  Design  Procedure 


4 


per  square  .foot  of  conector,and  for  air  systems, the  collector^  flow  rate 
should  be  about  2  CFM  per  square  f^ot- of  collector. 


DESIGNNDATA 


TEMPERATURE  DATA  "         .  .  \.  \ 

Figure?  4-13  through  4-24  present  degVee-day  information  for \ the 
United  States.    These  figures  represent  theVaverage  total" heating  degree 
days  by  month  for  the  entire  year.    These  we\e  taken  from^the  C^'matic 
Atlas  for  the  United  States  published  by  the  Ls.  Department  of  Commerce. 
By  knowing  the  design  heat  load*  for  a  buildingVne  can  approximate  t\\e 

total  heat. load  for  each  month  of  the  year  fromtthese  -eentour  maps.  Fpr 

\  •  ^ 

example,  consider  a  house  to  be  located  in.Bould|r,  Colorado:  '  Suppose 

\       ^  •  ^ 

the  design  heat  load  'is  deteritiined^  to  be' 57,000  Btu/hr.    First,  we  must  \ 
convert  thi$  to  Btu  per  degree  day.    This  is  accomplished  by  tRe  following 
calculation.    The  design,  temperature  for  Boulxler  is  8°F,  as  determined- ■ 
from  the  ASHRAE  Hatidbook  of  Fundamentals.    Therefore,  the  house  beat  lojad  ' 
in  Btu/DD*,is  ■  .  '  ' 


n  ^Bt>i^  -.'(57,000  Btu/hr)  (24  hr/dav) 
^  J  DD  '  "  57  DD/day  ■ 


••  :  =  24,000  B'tu/DD 

From  the  contour  map  for  January  (Figure  4-13)  one  can  see  that  Boulder  ■ 
has  approximately  12G0  .degree  days  for  the  month  Of  January..  Consequently], 
the  January  heat  vload  would  be  24;000''Btu  per  degree"*  dciy  times  12.00  degree 
days  or  28.8  million  Btu  for  the  month  of  January,  .  ' 

Table  4-5  presents  monthlyvarid  total  annual  degree-day/ information  • 
for  selected  locations  throughout  the  United  States..  This  table  may  be 
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used  in  place  of  the  contour  maps  when  the  desired  location  is--4ncluded 
in  the  table.        *  .  * 


SOLAR  DATA 


The  solar  insolation  dat^were  presented  in  Module  3.  Fijjpures 
through  3-12  present  the  .me^  daily  solar  radiation  on  a  horizontal  surface 
fpr  each  month  for^the  United  States.    From  Figure  3-1, for  ^xarfple,  we 
see  that  the  January  insolation  for  Boulder  (40°  N  latitude)  is  approxi- 
mately 200  Langleys  or  738  Btu  per  square  foot  per  day.    This  informa- 
tion must  be  converted  to  the  radiation  on  a  tilted  surface  in  order  to 
estimate  the  amount  of  heat  that  a  collector  array  will  collect  at  a 
given  tilt  angle.    This  i^  accomplished  by  referring  to  Tables  3-5  and 
*3-6  which  give  the  convjrsion  factors  for  determining  radiation  on  tilted 
surfaces.    Ky    for:  Boulder  is  approximately  0.55.    By  interpoVating^  ^ 
between  these  two  tables,  assuming  the  tilt  i^  equal  to  the  latitude,  > 
we  obtain    R.=  1.78.'  Therefore  .the  average  daily  radiation  on  the  tilted 
surface  for  January  in  Boulder  is  13:14  6tu/ft?* 
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Table  4-5.    Heating  Load  Data* 


NORMAL  TOTAL  HEATING  DEG]?EE  DAYS  (Base  65") 


STATE  AND  STATION 


JULY 


AUG 


SEPT 


OCT 


.NOV 


JAN 


FEB 


MAR 


APR 


MAY  JUNE 


ANNUAL 


Design  T^^F 


WIN. 


summI' 


ALA:  Birmingham 
'  Huntsvi,ne 
Mobile 


Montgomery 

ALASKA:  Anchorage 

Annette 

Barrow 
0 Barter  Is. 

Bethel 

Colcf  Bay 

Corciova 

Fairbanks ^ 

Juneau 

King  Salmon' 

Kotzebue 

McGpth 

Nome 

Saint  Paul  ' 
Sheinypi 
Yakgtat 

nil  Flagstaff 
hoenix 
escott 
:son 
Wins low 
Yuma 

ARK  :~F()rt- Smith 
L'ittla  Rock 
Texarkana    . — 

CALIF:  Ba\ers field 
Bishop' 
Blue  Canjfon- 
Burbank 


0 
0 
0 
0 

245 
242 

■ao3 

735 
319 
474 
366 
171 
301 
313 
381 
20*8 
481 
605 
577 
338 

46 
0 
0 
0 
0 
0 

.  0 
0 
0 

0 
0 

34 
'0 


0 
0 
0 
0 

291 
^08 
840 
775 
394 
425 
391 
332 
338 
322 
446 
338 
496 
539 
475 
347 

68 
0 

•  0 

0 
0 
O 

0 
0 
0 

0 
0 

50 

'  0 


6 

0 

,  0 

516 
327 
1035 
,  987 
612 
525 
522 
642 
483 
513 
723 
633 
693 
612 
501 
474 

201 
0 
27 
0 
6 
0 

.  12 

■  9 
0 

.  0 
.42 
120 
6 


93 
127 
22 
68 

930 
567 
1500 
1482 
1042 
772 
781 
1203 
725 
908 
1249 
"1184 
1094 
862 
784 
71& 

558 
22 

245 
25 

245 
0 

r  127^ 
127* 

78 

-  37 
248 
347 
43 


363 
426 
-213 
330 

1284 
738 
1971 
1944 
1434 
918 
1017 
1833 
921 
1290 
1728 
1791 
145'5 
963 
876 
936 

867 
234 
579 
231 
.  711 
148 

450 
465 

345, 

282 
576 
579 
177 


555 
663 
357 
527 

1572 
899 
2362 
2337 
1866 
1122 
1221 
2254 
1135 
1606 
2127 
2232 
1820 
1197 
1042 
1144 

1073 
41"B 
797 
406 

1008 
319 

■704 
716 
56;i 

,502 
797 
766 

■  301 


592 
694 
415 
543 

1631 
949 
2517 
2536 
1903 
1153 
1299 
2359 
1237 
^600 
2192 
2294 
1879 
1228 
1045 
1169 

1169 
474 

-865 
471 

1054 
363 

781 
756 

,62'6 

546 
874 
865 
366 


462^ 

"300 
417 

1316 
837 
2332 
2369 
1590 
1036 
1086 
1901 
1070 
1333 
1932 
1817 
1666 
1168 
958 
1019 

"991 
328 

,711 
344 
770 
228 

596 
577 
468 

364 
666 
•  781 
277 


63 
434 
1 
6 

1293 
843 
2468 
2477 
1655 
1122 
1113 
1739 
1073 
1411 
2080 
1758 
1770 
1265 
1011 
1042 

911 
217 
605 
242 
601 
^0 

456 
434 
350 

267 
539 
.  791 
239 


108 
138 
42 

879 
648 
1944 
1923 
1173 
951 
864 
1068 

aio 

966 
1554 
1122 
1314 
1098 
885 
840 

651 
75 

360 
75 

291 
29 

144 
126 
^105 

105 
306 
-582 
138 


81-  h 


2551 
3070 
1560 
2291 

10864 
7069 
20174 
19862 
13196 
9880 
9764 
14279 
9075 
11343 
16105 
14283 
14171 
11199 
9687'' 
9092 

7152 

1765 

4362 

1800 

4782- 

1217 

-3292 
3219 
2533 

2122 
4227 
55D7 
1646 


*From  Climatic  Atlas  of- the  United. States,  U.S.  Department  of  Commerce, 
tFrom  Table  Chapter  33,.ASHRAE  Handbook  of  Fundamentals  ^972  (99%  of 
nFrom  Tabl0  |,  Chapter  33,  ASHRAE  Handbook  .of  nindamentals  1972  (1%  of 


19 
13. 
26 
22 

-2"5' 
-45 


•53 
■  7 


-32 


0 

31 
15 
29 
9 

37 

16 
19 
22 

31 


36 


97 
97 
95 
98 

73 
58 


82 
75 


66 


84 
108 

96 
105 

97 
111 

101 
99 
99 

103 


97 


Env.  Sci .  Serv.  Adm.  June  1968  • 
time  warmer' than' this  temperatuj'e) 
lime  dry-bulb  teitiperature  is  greater) 


■  \ 

^  i  

NORMAL  TOTAL  HEATING  .DEGRETE  DAYS  (B*se  65°) 


Design  T^^F 


STATE  AND  STATION 

JULY 

AU(3 

5EPT 

'  OCT 

i 

.  NOV 

DEC 

JAN 

F^B 

APR 

HAY 

JUNE 

ANNUAL 

WIN. 

SUMM. 

CALIF:  Eureka 

270 

257 

258 

329 

414 

499 

546 

470 

■jI  C 

C.OD 

Oc. 

0/ 

Fresno 

0 

0 

0 

78 

339 

558 

586 

406 

X>J\J 

5fi 

n 

v^8 

im 

x\J  L 

Lo/ig  B&ach 

0 

.  0 

12 

40 

156 

288 

375 

i-ji 

168 

90 

18 

X\J 

171  1 

XI  X  X 

^  87 

Ol 

Los 'Angeles 

28 

.  22 

42 

78 

180 

291 

372 

302 

288 

219 

158 

81 

\J  X 

2061 

42 

94 

Mt.  Shasta" 

25 

34 

123 

406 

696 

902 

9&i 

784 

738 

525 

?d7 

1^9 

Oakland 

53 

'50 

45 

127 

309 

481 

527^ 

'  400 

353 

255 

180 

90 

?870 

35 

85 

Point  Arguello 

202 

'186 

162 

'  205 

291 

400 

474" 

'392 

403 

339 

?98 

?43 

3595 

Red  Bluff 

0' 

0 

0 

-53 

318 

"555 

605' 

428 

341 

168 

47 

0 

251-5 

/  Sacramento 

>  0 

0 

12 

81 

363 

577 

614 

442 

-360 

216 

102 

6 

2773 

30  . 

100 

Sandberg 

0" 

,0 

.  30 

202 

480 

691 

7F8 

661 

620 

426 

264 

57 

4209 

San  Diego 

6 

0 

.  15 

37 

123 

•  251 

313; 

249 

202 

123 

84 

36 

1439 

42 

86  ' 

San  Francisco 

81 

78 

;  60 

143 

306 

■,462 

508t' 

395. 

'363 

279 

214 

126 

3015 

42 

80 

Santa  Catalina 

16 

0 

^  9 

50 

16? 

279 

353 

308 

326 

249^ 

192 

.  105 

2052 

odntd  nana 

yy 

yj 

yb 

^  Ad 
140 

•301 

jyi 

4py 

370 

J63 

282 

233 

165 

2967 

32 

85 

COLO:  Alamosa 

^  65 

•99 

279 

639 

1065 

1420 

147^ 

'1162 

.1020 

696 

440 

'l68 

■8529 

-17 

•  84 

Colorado  Springs 

9 

25 

.132 

-456 

825 

1032. 

1128 

938 

893 

582" 

319 

84 

6423 

-  1 

90 

L/tEnvcr 

c 
D 

Q 

y 

11/ 

/1 00 

oiy 

iUot) 

I  lot 

9oo 

887 

558 

288 

66 

6283  ■ 

-  2 

92 

Grand  Junction 

0 

0 

30 

313' 

786 

1113 

1209 

907 

729 

387 

146 

21 

5541 

8 

96 

Pueblo        "  . 

.  0 

•0 

54 

326 

^  750 

986 

1085 

8Z1 

772 

429 

i74i. 

-  15 

5462  • 

-  5 

96^ 

CONN.:  Bridgeport 

0 

0 

•  £6 

307 

615 

986 

1079 

966 

853 

510 

208 

5fil  7 

4  ' 

90 

*^  Hart  ford 

0 

6 

99 

372 

711 

1119 

1209^ 

1061 

899 

495 

111 

?4 

U  X  r  Cm 

JL 

90 

New  Haven  ^ 

0 

12 

87, 

^347 

648 

1011 

1097 

991 

871 

543 

245 

45^ 

5897 

5 

88 

DEL:  Wilmington 

.  0 

51 

270 

588 

927 

98a 

874 

735 

387 

112 

6. 

4930 

12 

'93 

FLA:  Apalachicola 

'0 

0 

■  ~0 

16 

153 

319 

347. 

260 

180 

33 

n 

n 

X\J\J\J  r 

Daytona  Beach 

0 

0 

0 

0 

75 

^  211 

248 

'  190 

140 

15 

X  %J 

n 

rf 
u 

87Q 

Fort  Myers 

0 

0 

0 

'  0 

24 

109 

14'6 

101 

n 

n 
u 

u 

OO 

•Jacksonville 

0 

0 

■  0 

'  12 

1^4 

310 

t  332 

246 

174 

21 

0 

'0 

1239 

29 

.96 

Key  W^sK 

'  0 

0 

0 

0 

0 

.28 

40 

31 

9 

0 

0 

0 

lOfi 

X\J\J 

55 

90 

LdKc 1 d  nu 

u 

U 

U 

U 

C  7 

.  b/ 

195 

1.46 

99 

0 

0 

0 

661 

35' 

95 

Miami  Beach' 

,  0 

0 

0 

0 

0 

40 

'  56 

J36 

9 

.  0 

>0 

0 

141  " 

45 

■  91 

Orlando 

n 
u 

0 

0 

0 

72 

198 

220 

|65 

105 

6 

0 

0 

.  766. 

33 

96 

Pensacola 

0 

0 

0 

19 

195 

353 

.  400 

277 

183 

36 

V  0 

0 

1463^ 

■  29  ■ 

92 

Tallahassee  > 

0 

0 

0 

28 

198 

560 

375 

^86 

/ 

202 

36 

0 

0 

J485 

,?5 

96 

4 

6 

i 


NORMAL  TOTAL  HEATING  DEGREE  13AYS  (Base  65^) 


Des  j  gn 


STATE  AND  STATION' 

V  .  


-ERIC 


FLA:  Tampa 
West  Palm  Beach 

GA:  ^  Athens     ■  ^ 

Augusta         ^  ^ 
Columbus 
Macon'i    /  * 
Rome  , 
Savannah  • 
^  Thpmasville^ 

IDAHO:  Bol^e 

Idaho*  Falls:  46W 
•  Ida hQ\  Falls  mH 

Lewiston 

PocatelTp 

III:  Cairo       ^  -  -  ^' 

'Chicago  /  < 
Mol  i  ne  .  '   ^  • 
:Peoria  '  - 
Ro^kfordl 

^  SpViiji^'eld 

^Mh  Evans^vil-le 
^.  Fort  Wayne 

Indianapol  1s  ^ 
■    South  Bend  *  ' 

IOWA:  feurlington  ^ 

De?. Moines 
/Dubuque 

Sib^x  City^ 
^  ^Waterloo  - 


JULY 

a€  1 


16 
0 
0 

0 

b 

6 

\0 

0' 

0 

'0 

<^ 

0 
0 

1-2 
0 
12 


AUG 


0 
•  0 

0 

§: 

0 
0 
0 
0 
0 

0 

f-34 
40 
0- 
0 

0 
0 

-  .9 

^  ,B 
9 
0 

■  0 
'  9 

m  '° 
1  6 

■0 
§' 
31 
9 
19 


SEPT 


0 
■  0 

12 
18 
■04 

'  0 

r  0 

■  24 
0 

.  0 

132 
270 
282 
123 
172 


36 
81 
99 
8.7 
A4 
72 

66 
105 

90 
111 

93 
•'99 
156. 
108 
138 


OCT 


.  0 
'  0 

115 
127 

78 
S7 

71 
161 

47 

415 
623 
648 
403 
493- 


164 
326. 
335 
326 
400 
291 

.22b 
378 
316 
372 

322 
363 
450 
369 
428 


.  NOV 


60 

405 

414 

333 

333' 

297 

474 

246 

198 

792 
1056 
1107 
756 
900 

5^3 

753 

774' 

759 

837 

696 

606 
783 
723 
777 

►  768 
,837 
906 
867 
909 


DEC 


171 
65 

632' 
626 
.552 
543 
502 
701 
437 
366 

1017 
137D 
1432 
933 
[1166 

791 
1113 
il81 
1113 
1221 
1023 

896 
1133 
1051 
1125 

1135 
1231. 
1287 
1240 
1296 


202 
87 

642 
.639 
549'' 
552 
5'05 
710 
437 
394 

11.13 
1538 
1600 
1063 
1324 


JAN 


I 


856 

1 

1314 
121 
l33 
1135 

955 
1178 
1.113 
1221, 

1259 
1398 
1420 
1435'- 
1460 


FEB 


148 
64 

529 
529 
445 
434 
403 
577 
353 
305^ 

S54 
1249 
1291 

815 
1058 


680 
20§%044 
llOQ 
1025' 
1137 
■pS 

U7 
1028 
949 
1070 

ion2 

1163 
12Q4 
il98. 
1221 


ANNUAL 


*g^60 
554? 
7033- 

3821 
6155 
"6408 
6025 
6830 
5429 

4435 
'  6205 
5699 
6439 

6114 
68G8 
^S7a 

695r 
7320. 


IN, 


4 

•6- 

m 

-  8 

94 

-  3- 

94  ' 

-"7 

"94* 

-  2 

.  94 

-  7  °. 

•  92 

■:  1 

'95 

6 

96 

0 

93- 

93 

%> 

92. 

-  4  ^ 

95  . 

-  7 

95 

-11  . 

^92 

-10  „ 

96  • 

-12  • 

91 

> 

233 


2^5 


NORMAL  TOTAL  HEATING  DEGREE  DAYS  (Base  65^) 


•STATE  AND  STATION 


KANSAS:  Concordia 
Dodge  Ci'ty 
Goodland  * 
Topeka  •    .  *  ^ 
Wichita  . 

KY:  Covington 
^  Lexington 
Louisville 

LA:  Alexandria  ^ , 

Batch  Rouge 
,  Burrwood 

La^ft  Chairles 

New  Orlean^ 

Shreveport 

¥ 

MAINE:  Caribou 
Portland 

MD:    Baltimore  ■ 
Frederick 

flASS:  Blue  Hill  Obsy 
Boston 
Nantucket 
•Pittsfield 
Worcester  ■ 

MICH; .  A>pena- 
Detroit  (City) 
Escaraba 
Flint      '  . 
Grand  Rapids' 
Lansing 
yiarqyette- 
Muskegon  ■  , 
Sault  Std'.  Marie 


JULY 


12 
25 
6 

68 
0 
59 
16 
9 
6 
59 
12 
96 


AUG 


a 


0 

115 
53 

0 
■  0 


^2 

34 

105 
0 
87 
40- 
28 
22 
81 

105 


SEP 


57 
33 
8 

■57 
33 

75 
54 
54- 


0 

-  0 

a 

0 

336 
195 

48 
66 

I 

108 
.60 
93 
.219 
147 

273 
87 
243 
159 
135 
138 
240 
120 
279 


0+  56 


0 


oc 


276 

25 

'38 

270 

229 

29 
.  239 
248 


0 
19 
19 
47 

682 
508 

l64 
307 

381 
316 
332 
524 
450 

580 
360 
539^ 
465 
434 
431 
527 
400 
580 


NOV"  DEC 


'706 
666 
810 
672 
618 

669 
609 
609 

273 
216 
96 
210 
192 
297 

1044 
807 

585 
624 

690 
603 
573 
831 
774 

912 
738 
J924 
843 
804- 
813 
936 
762 
951 


102 
■939 
1073 
9ffO 
905 

983 
902 
890 

431 
369 
214 
341 
322 
477 

1535 
1215 

to  5 
955 

1085 
983 
896 
1231 
1172 

1268 
1088 
293 
212 
147 
163 
268 
088 
367 


JAN 


fe3 
1^5 
1166 
1122 
1023 

1035 
946 
930 

47; 
409 
298 
381 
363 
:5"52 

r690 
1339 

936 
995 

1178 
1088 
992 
1339 
1271 

1404 
1181 
1445 
1330 
1259 
1262 
1411 
209 
525 


FEB 


935 
840 
^55 
893 
804 

893 
818 
818 

361 
294 
218 
274 
258 
426 

1470 
1-4482 

"82a 
876 

1053 
972 
941 


1123 

1^99 
1058 
1296 
119'8 
.134 
.442 
.268 
.100 
380 


'MAR 


78 

719 

884 

722 

645 

756 
685 
-682 

260 
208 
171 
195 
192 
304 

1308 
1042 

679 
741 

936 
846 
"896 


Ma6.JU)^3 


998 


995 
277 


APR 


372 
354 
507 
330 
270 

390 
325 
315 

6? 
33 
27 
39 
39 
81 

858 
675 

327 
384 

,579 
513 
621 
fe60 
612 


218 
936 
203 
066 
Oil 
Oil 

187  >771 


777 
522 
777 
639 
549 
>579 


594 
810 


MAY 


149 
■  124 
236 
124 
87 

.149 
105 
105 

.  '0 
0 
0 

'  0 

.  0 

,  0 

468 
372 

90 
127 

267 
208 
384 
326 
304- 

446 

220'" 

4?6 

319 

279 

273 

■468 

3ia 

477 


JUNE 


18 
9 
42 

12 
6 

24 
0 
9 

■  0 
0 
0 
0 
0 
.  0 

•  183 
111 

0 
12 

69 
36 
129 
105 
78 

156 
42 

159 
^  90 
75 
69 

177 
78 

201 


Design  T^^F 


ANNUAL 


WIN.- 


5479 

m6 

6141, 
5182 
,4620 

5265 

-46€-3- 
4660 

1921 

1560 

10^4  ■ 

1449 

1385 

2184 

9767 
7571 

4654 
5087 

6368 
5634  , 
-5891 
7578 
6969 

8506 

6232 

8481 

7377 

6894 

6909 

8393  , 

6696 

9048' 


3 

-  2 
3 
5 

3 

— 6" 
8 

25 
25 

•  29 
32 
22 

-18 

-  5 

16 

7" 


6 

91 

r  1 

86 

1 

89 

-.5  .  ' 

87 

:  4  . 

92 

82 

-  1 

89 

2 

91 

2 

89 

-  8 

■"88 

-  4 

87 

-12 

83 

.'NORMAL  TOTAL  HEATING  DEjpREE  DAYS  (Base  65^) 


Design  T^  f 


STATE  AND  STATION 


MINN:  Duluth 
InternatM  Falls 
Minneapolis 
Rochester 
Saint  Cloud 

MISS:    Jackson  * 
Meridiari'  - 
Vicksburg 

IMG:  Columbia 

Kansas 
"  St.  Jo.seph  . 

St.  Louis 

Springfield 

MONT:    Billi^ngs  " 

Glasgow 

Great  Perils  . 

Havre  ' 

Hpl ena 
^  l^alispell 

Miles  City 

Missoula 

NEBR:    Grand  Island 
Lincoln, 
Norfolk 
>  North  Plattet 
Omaha. 

Scottsbl_uff___ 
Valentine  ^ 

NEV:  Elko 
Ely  . 

Las  Vegas  - 
^eno' 

Winnemucca 


JULY 

AUG 

SEPT 

OCT 

kin*? 

DEL 

1AM 

JAN 

CCD 

r  CD 

MAD 

rlMK 

ilPP 
Mr  K 

HAY 
1  IM  T 

1IINF  J 

JIN 
111. 

71 

1  no 

OoC 

110  X 

174S 

1518 

1355 

,840 

490 

198 

looop 

-19  , 

71 

112 

363 

701 

1236 

1724" 

1919 

,1621 

1414 

828 

443 

174 

10606 

-29 

22 

31 

189 

505 

1014 

r454 

1631 

1380 

1166 

621 

288 

81 

8382 

-14 

25 

34 

186 

474 

1005 

1438 

1593 

1366. 

115D 

630 

301 

93 

8295 

-17 

28 

47 

225 

549 

1065 

1500 

1702 

1445' 

1221 

666 

'  326 

-405 

8879 

-20 

U 

U 

u 

JlD 

Rn9 

D\)C 

«  OHO 

did 

H IH 

310 

87 

0 

2239 

•  21 

.  0 

0 

0 

81. 

339 

518 

w 

417 

310 

81 

0 

0 

2289 

20, 

^  0^ 

0 

0 

53 

279 

•',462 

512 

684. 

'  282 

69 

0 

0 

2041 

23 

9C1 

"DDI 

lU/  D 

874 

71fi 

/  xu 

324 

121 

12 

5046.' 

2 

U 

U 

'^y 

"  990 

fil  9 
016 

1  039 

ftlft 

o  xo 

\jOC 

294' 

109 

0 

4711 

4 

n 
u 

D 

du 

9ftR 
COD 

/  yjo 

1172 

949 

769 

5,48 

133 

15 

5484 

-  1 

u 

u 

fin 

QCf 

Q3fi 

848 

704 

312 

121 

15 

4900 

7 

n 

Kjyjyj 

877 

973 

781 

1160 

291 

105 

6 

4561 

5 

15 

186 

487 

.  897 

1135 

1296 

1100 

970 

570, 

285 

102 

7049 

-10 

31 

.47 

.270 

608 

1104 

1466 

1711 

1439 

J 18/ 

Ol  Q 

d4o 

OOD 

.  iDU 

—  c.  J 

9Q 
CO 

Do 

9RQ 
COO 

Q9^ 

VC 1 

*1  34Q 

1154 

X  X 

1063 

642' 

384 

186 

7750 

-20' 

9Q 
CO 

XUDD 

iOD  / 

*13fi4 

X  O  W*T 

1181 

'  657 

,338 

162 

8700 

-22 

Ji 

9Q/1 

£y^ 

bUi 

1  nn9 

1  9fiR 
1600 

1  /13ft 

•1 1  70 

X  X  /  U 

104? 

UO  X 

381 

195 

•  8129 

-17 

DU 

y^ 

OCL 

D3H 

1\JC\J 

i?4n 

1401 

1 134 

X  X  o^ 

1029 

639 

397 

207 

8191  ■ 

-  7 

c 
D 

c 
D 

1  7/1 

Due 

^  ROA 

Xc.  Oc. 

'10S7 

579 

276 

99 

7723 

-19 

74 

303 

651 

1035 

1287 

1420 

1120 

;970 

6'21 

391 

219 

812& 

-  7 

0 

'  -6, 

^108 

381 

834 

11:72 

1314 

1089 

"  90& 

^  462 

211 

45 

6530 

c 

-  O 

n 
l> 

C 

D 

/  D 

JUl 

79fi 

lUDD 

1?37 

X  CO  / 

1 01  fi 

X  ux  u 

402 

171 

30 

5864 

-  4 

Q 

y 

A 

u 

111 
ill 

;  jy  / 

O/  J 

193/1 

1/11 A 

1 1  7Q 

X  X  /  7 

9ft3 

498 

233 

48 

6979 

-11 

n 
u 

D 

ico 

OQp 

1  Ififi 
HDD 

1?71 

X  C  X 

103Q 

XUO  7 

930 

519 

248' 

57 

6^84 

-  6 

u 

1  9 

ic 

'  iUD 

3^7 

'1^7R 

1 1  /  D 

1  3RR 
X  ODD 

1 1  9fi 
X  xdD 

Q3Q 

t  uo 

208 

42 

6612 

-  5 

J. 

D 

V  0 

138 

459 

876 

1128 

1231 

1008 

921 

552 

■285 

75 

6673 

9 

12 

16o 

--■493, 

.  942 

123.7 

1395 

1176 

1045 

579 

288 

,  84 

7425 

9 

34^ 

'561 

924 

1197 

1314 

1036 

911 

621' 

409 

192 

7433  ' 

,13 

2fi 

43 

234 

592 

939' 

1184 

1308 

1075 

977 

672 

456 

225 

7733 

-  6 

0 

0 

0 

78 

387 

617- 

688 

■  4&7 

1335 

111 

'  6 

0 

2709 

23 

43 

87 

204 

490 

801 

1026 

107? 

823 

729 

510 

357 

189 

6332 

12 

'  .0 

3^1 

536 

876 

1091 

1172 

916 

837 

573 

^363 

153 

6761 

t 

1 

NORMAL  TOTAL  HEATING  DEGREE  DAYS  (Base  65°) 


Design  T^^F 


51  Alt  AND  S.TATION 

1111  \/ 
JULY 

AUG 

A 

SEPT 

OCT 

.  NOV 

DEC 

1  A  11 

JAN 

FEB 

MAR 

APR 

MAY 

JUNE 

ANNUAL 

WIN. 

SUMM. 

iin  •  uunuurQ 

D 

III 

DUO 

099 

OC.C. 

1 9/1  n 

1  QCQ 

llo4 

bob 

£.)io 

75 

7383 

-11 

91 

Mt.  Wash,  Obsy. 

493 

536 

720 

1057 

1341 

1742 

1820 

1663 

1652 

1260 

930 

603 

NJ:    Atlantic  City 

P 

0 

39 

251 

549 

880 

936 

848 

741 

■420 

133 

.  15 

4812 

14 

- 

91  . 

New.ark 

'  b 

0 

30 

248 

573 

921 

983 

876 

729 

.  3S1 

118 

0 

4859 

11 

94 

Trenton 

•  0 

0 

^  57 

2B4 

576 

924 

989 

8^5 

•  753 

399 

151- 

12 

-4980 

12 

92 

NM:  Albuquerque 

a 

0 

12 

229 

642 

868 

930 

703 

595 

288 

81 

0 

4348 

14 

96 

Clayton 

0 

6 

66 

310 

fl699 

899 

986 

812 

747 

429 

183 

21 

■5158. 

Ratoa 

9 

28 

12^ 

'431 

825 

1048 

1116 

904 

834 

543' 

301 

63 

6228 

-.2 

92 

Roswell 

0 

.  0 

18 

202 

573 

806. 

840 

641 

4gl 

201 

31 

0 

3793 

16 

101 

Silver  City . 

0 

0 

/ 

6 

183 

525 

729 

791, 

^05 

581. 

261 

87 

0 

3-705 

14-. 

95^ 

NY;  Albany 

0 

1^9 

138 

'  440 

77> 

ill  9.4 

1311 

1156 

'992 

564 

239 

45 

6875 

1 

91 

'  Binghamton  (AP)- 

22 

65 

201 

471 

810 

1184 

1277 

1154 

1045 

645 

313 

99* 

7286 

-  2 

91 

Binghaipton  (PO) 

0 

28 

141 

406 

732 

1107 

1190 

1081' 

949 

543 

229 

45 

•6451 

Buffalo           »  ' 

'  19- 

37 

141 

•440 

777 

1156 

1256 

1145 

1039 

645 

329 

78 

7062 

-  5 

90 

Central  Park 

0 

0 

30 

233 

540 

902 

98^ 

885 

76a 

408 

118 

■  9 

.  4871 

11 

94 

JF  Kennedy  Jntl . 

'  0 

0 

36 

248 

564 

933 

1029 

935 

815 

480 

167 

12 

52t9 

17" 

91 

LaGuardia 

0 

.  0 

27 

223 

.528 

887 

973 

879 

750 

414 

124 

'  6 

4811 

12 

93 

•    Rochester  ^ 

9 

31 

126 

415 

■747 

1125 

1234. 

1123 

1014 

597 

27^ 

48 

6748 

2 

91 

'  Schenectady 

-0 

22 

123 

422 

756 

1159 

1283 

1131 

970. 

543 

211 

30 

6650 

-  5 

90 

Syracuse 

6 

28 

132 

415 

744 

1153 

1271 

1140 

1004 

570 

.248- 

45 

6756 

-  2 

90 

NG:  Asheville 

0 

0 

'48 

245 

555 

775 

784 

683 

592 

273 

87 

n 

1  ? 

Q1 

Cape  Hatteras 

.  0 

0 

0 

78 

273 

521 

.580 

518 

440 

177 

25 

0 

2.^12 

Charlotte 

'  0- 

0 

6 

124 

U38 

691 

691 

582 

481 

156 

22 

0 

3191. 

18 

96 

Greensboro 

0 

0 

33 

192 

513 

778 

784 

672 

552 

234 

47- 

0 

3805 

14 

94 

Raleigh 

0 

0 

-  21 

164 

450 

716' 

725 

616 

487 

180 

34 

0 

3393 

16  . 

95 

Wilmington' 

0 

0 

0 

.  74 

291 

521 

546 

462 

•  357 

96 

0 

0 

2347 

•23 

94 

^'Winston  Salem 

0 

0 

.21 

171 

483 

747 

753 

652 

524 

207 

37 

,  0 

3595 

14 

94 

N.  DAK:  Bismarck 

34 

28 

222 

577 

1083 

1463 

1708 

1442 

1203 

645 

329 

117 

8851 

il 

95 

Devils  Lake 

40 

"53 

273 

64Z 

US'634 

1872 

1579 

1345 

753 

381 

138 

9901  • 

-23 

93 

Fargo 

28 

37 

219 

574 

1107 

1569 

1789 

1520 

1262 

690 

332 

^  99 

9226  •' 

-22 

92 

Williston 

31 

43 

261, 

601 

1122 

1513 

1758 

1473 

126^ 

681 

357 

141 

9243  , 

-21 

94 

1 


V 


Em: 


NORMAL  TOTAL  HEATING^ DEGREE  DAYS  (Base  65^) 


Design-T^  F 


STATE  AND  STATION 


OHIO:  Akron 

Cincinnati 

Cleveland 

Columbus 

Dayton 

Mansfield  • 
'  Sandusky 

Toledo 

Youngstown 

^LA:  Oklahoma  City 
Tulsa 

OREG: '  Astaria 
Burns 
Eugene. 
Meacham 
Medford  ^ 
Pendleton' 
Portland 
Roseburg 
^Salem 

Sexton  Summit 

,PA:    All  en  town 
'  Erie 

Harrisburg 

Philadelphia 

Pittsburgh 

Reading  • 

Scran ton 

WiVliamsport 

RI:    Block  Island 
Providence 


JULY 

AUG 

SEPT 

OCT 

.  NOV 

DEC 

JAN 

Veb 

MAR 

APR 

MAY 

JUNE- 

ANNUAL 

0 

•  9' 

96 

381 

726 

1070 

1138 

1016 

871 

489 

202 

39 

■  6037 

0 

54 

248 

612 

921 

970 

837 

701 

336 

118 

.  9 

4806 

9 

25 

105 

384 

738 

1088 

1159 

1047 

918 

552 

260 

66- 

6351 

0 

•  6 

84 

347 

714 

1039 

1088 

949 

809 

171 

1/1 

97 
CI 

DDOU 

U 

c 
D 

II  o 

1  nil'; 

inQ7 

809 

429 

167 

30 

5622 

9 

22 

114 

r397 

768' 

1110 

1169 

1042 

924 

543 

245 

60 

'.6403 

0 

B 

66 

313 

684 

1032 

1107 

991 

868 

495^ 

198 

36 

5796 

0 

16 

117 

406 

•792 

1138 

1200 

1056 

924. 

543 

^42' 

60 

6494 

6- 

19 

120 

412 

771 

1104' 

1169 

1047 

921 

540 

248 

60 

•6417 

0 

0 

15 

• 

164 

498 

766 

868 

664 

r"  o  T 

527 

189 

34 

0 

o/co 

^  0 

0 

18 

158 

522 

787 

893 

683 

539 

213 

/I  "7 

47 

0 

3860 

146 

130 

210 

375 

561 

679 

753 

-^22 

636. 

480 

363 

231 

5186 

12 

37 

210 

515 

867 

1*113 

1246 

•  988 

856 

•570 

366 

177 

6957- 

.34 

34 

125 

366 

585 

719 

803 

627 

589 

426 

279 

135 

4726 

84 

124 

288 

580 

918 

1091 

1209 

1005* 

983 

726 

527 

339= 

7874 

0 

0 

78 

372, 

678 

871 

918 

697 

642 

70 

bUUo 

0 

.  0 

■111 

350 

711 

884 

10.17 

773 

617 

395 

00 

Cl  97 
Did/ 

25 

28 

114 

335 

597 

735 

825 

644 

586 

395 

OA  C 

105 

4  bob 

22 

16 

105 

329 

567 

713 

766 

608 

570 

405 

257 

123 

A  A  ni  • 
4491 

37 

31 

'111 

338 

594 

729 

^22 . 

647 

611 

/I  1  "7 

4r7 

O  "7  O 

273 

T  A  A 

144 

A'J  CA 

*  81 

81 

171 

443 

666 

874 

'958 

809 

818 

609 

A  C  C 

465 

279  ■ 

,0' 

0 

90 

353 

693 

1045 

1116 

1002 

849 

471 

167 

24 

'  5810 

'  0 

,  25 

,  102 

391 

714 

1063 

1169 

1081 

973 

585 

288- 

60 

6451 

0 

0 

"63 

298 

648 

992 

1045 

907- 

ICC 

766 

one  * 
395 

1  OA 

1  0 

''C9C1 
DCDl. 

0 

0 

60 

291 

621 

964 

1014 

■  890 

744 

390 

115 

12 

;5ioi 

0 

9 

105 

375' 

726 

1063 

1119 

1002 

874 

480 

195 

39 

5987 

0 

0 

54 

257 

597 

939 

1001 

885 

735 

372 

105 

P 

4945 

u 

1  Q 

1  79 

893 

498 

195 

■  33 

6254 

0 

9 

111 

375 

717 

1073 

1122 

1002 

856 

•  468 

177 

.  24 

5934 

0 

16 

■  78 

307 

594^ 

902 

1020 

'955 

877 

612. 

344- 

99 

5804 

0 

16 

96 

372 

660 

1023 

1110 

988 

868 

534 

236 

51 

5954 

JIN. 


SUMM. 


1 
8 
2 

2. 
0 
1 
'4 
1 
1 

11 

■12 

27 

22 

21 
3, 
26 
25 
21 

%3 
7 
9 

11 
7 
6 
2 

i 


89 
94 
91 
92 
92 

92' 

92 
89 

100  • 
102 

79' 

91 

98 
97 
91 
93 
92 

92 
88 
92 
"93 
90 
92 
89 
91 


89» 


2'41 


NORMAL  TOTAL^HEATING  DEGREE  DAYS  (Base  65^) 


SJATE'AND  STATION 


SC:    Charleston  - 

Columbia 

Florence 
.    Greenville  . 

Spartanburg 

S.  DAK:  Huron 
Rapid  City 
Sioux  Falls  ^ 

TENN:  Bristol 
Chattanoog? 
Knoxville 
Memphis 
'  Nashville 
Oak  Ridge  (CO) 

TEXAS:  AbTlene^ 

Anjaril  lo 

Austin 

Brownsville 

Corpus  Christi 

Dallas 

El  Paso 
^^Fort  Worth 

''Gal  v?stoa 

Houston 
.  Laredo 

Lubbock  ^ 

Midland 

Port  Arthur' 

San  Angel 0 
'  San  Antonio 
^^-^iiffS>jia 

Waco 
.^Wichita  Falls 

i 


JULY 

AUG 

-  *  

SEPT 

OCT 

NOV 

DEC 

JAN 

FEB 

MAR 

APR 

• 

MAY 

JUNE 

ANNUAL 

WIN, 

— 
SUMM. 

n 

n 
u 

n 

coc 

/171 
X 

00  y 

c^l 

■  54 

0 

0 

2033 

26 

95 

n 

n 

n 

u 

ft/1 

04 

04  D 

^77 

D/U 

7n 

00/ 

OX 

0 

0 

2484 

20 

SB 

0 

0 

0 

.  78 

315 

552 

552 

459 

347 

84 

0 

n 

KJ 

?'^ft7 

Ci 

0 

^  0 

0 

112 

387 

636 

648 

535 

434- 

120 

12 

0 

2884 

19 

.  95 

0 

0 

15 

130. 

417 

667 

663 

560, 

453 

144 

25 

,  0 

3074 

18 

95 

q 

c;nft 

ini  A 

XUu4 

X4 

XDco 

* 

1  QCt; 

lOOD 

XX^O 

oUU 

900 

^:oo 

} 

87 

8223 

-16 

97 

c  c 

xc 

40X 

Ml 

1  T79 
XX  / 1 

Xooo 

1 1  /It; 
X  X**D 

xUox 

0X0 

1  9^r 

126 

7345  , 

-  9 

96 

1  Q 

Us) 

4DC 

Q79 

XODX 

X^44 

1  nQ9 
xUo<: 

0/0 

9  7n 

78 

T  rt 

7839 

-14 

.95 

0 

0 

•  51 

236 

.573 

«28 

828 

.700 

598 

261 

68 

0 

4143 

11 

92 

0 

*  n 

1ft 
xo 

1/1? 

X40 

4DO 

197 

t;77 

400 

1  en 

9C 

<:o 

3254 : 

15 

97 

n 

n 

1  71 
X  /  X 

40y 

19  fx 

roC 

DXO 

1  no 

4o 

0 

3494 

13 

95 

KJ 

1ft 

xo 

i?n 

xou 

4*t/ 

fiQft 

19Q 

000 

400 

14/ 

00 

CC 

0 

0000 
3232 

17 

98 

n 

?n 

ou 

1  c;ft 
X  oo 

4i70 

7*^9 
/ 

/  /o 

U't't 

CI  9 
OX^ 

1  Qn 

loy 

\40 

0 

0  C  T 

3578 

12- 

97 

0 

n 

>  X 

^?1 
□  0  X 

119 

77ft 
/  /  0 

D^oy 

ceo 

Ob 

0 

3817 

0 

•0' 

0 

99 

366 

-586 

642 

47~0 

347 

114 

0 

0 

2624' 

17 

101 

0 

0 

18 

205 

570 

797 

877 

664 

546 

252 

56 

■  0 

3985 

8 

98 

.  0 

0. 

.  0 

31 

225 

388 

468 

325 

223 

51 

0 

0 

1711- 

25 

ioi 

0 

■  0 

0 

66 

149 

205 

106 

74 

0 

0 

0 

60.0 

36 

94 

0 

0 

0 

J  0 

120 

220 

-291 

174 

109 

0 

0 

0 

914 

32 

95 

■  0 

0 

e- 

62 

321 

,524 

601 

440 

319 

90 

6 

0 

2363 

19 

101  ' 

0 

0 

■0 

84 

■414 

648 

■685 

445 

319 

105 

0 

0- 

'  2700 

21 

100 

■  0 

0 

0 

65 

324 

536 

614 

448, 

319 

99 

0 

0 

2405 

20 

102 

0 

0 

0 

0 

138 

270 

350 

,  258 

.  189 

30 

"0 

0 

-1235 

32 

91 

0 

0' 

0 

6 

183 

307 

.  384 

288 

192 

36 

0 

0 

1396  - 

29 

96 

0 

0 

0 

0 

105 

217- 

267 

134 

.  J4 

0 

0' 

0 

797  ' 

32 

103 

0 

0 

18 

174 

513 

744 

800 

613 

484- 

201, 

31 

0 

3578 

11 

99 

0 

0 

.  0 

87 

381 

592 

651 

.468 

322 

90 

0 

0 

2591 

19  ■ 

100 

0 

0 

0 

22 

207 

?329 

'384 

274 

J192 

39 

0 

0 

•  1447 

29 

94 

0 

■■  0 

0 

68' 

318 

■536 

■  567 

412 

288 

66 

0 

or 

2255 

20 

J.  VJ  J. 

0 

0 

0 

31 

207 

363 

428 

286 

195 

39 

0 

0 

1549 

25 

99 

.  0 

,  0 

0 

6 

150 

270 

344 

230 

152 

21 

0 

0' 

1173 

28 

98 

0 

0 

0 

43 

270 

'  456 

■536 

389 

270 

66 

0 

0 

2030  *  ' 

21 

101 

0 

0 

0 

99 

• 

-381 

632 

698 

518 

378 

120 

6 

0 

2832 

15 

103 

Design  t/F 


■Er|c 


NORMAL  TOTAL  HEATING  DEGREE  DAYS  (8ase  55  ) 


Design  T^^^F 


STATf  AND  ST/\TION 


UTAH:    Mil  ford 
Salt  Lake  City- 
■Wendoyer 

Vt:  Burlington* 

VA:.  Cape  Henry 
Lynchburg" 
Norfolk 
Richmond 
Roanoke 

Wash.  Nat' 1  AP 

WASH:  Olyippia 
-  Seattle  ' 
Sea'ttU  Boei-ng 
Seattle  Tacom'a 
Spokane'^ 
"Stampede  Pass 
Tatoosh  ^Island 
•  Walla  Walla 
Yakima 

W.  VA:  Charleston 
Elkins 
Huntington 
ParkersbOrg 

WIS:    Green  Bay 
La  Crosse 
Madison 
Milwaukee 

WYO:  Casper 

Cheyenne  ^ 
.  Lander 
.  Sheridan 


JULY 


0 
0 
0 

28 

0 
0 
0 

a 

■0 
0 

<68 
50 
34 
56 
9- 
273 
295 
0 
0 

0 
9 

,  0 
>  0 

'  28 
12 
25 
43 

6 
'19 

6 
25 


AUG 


0 
0 
0 

65 

0 
0 
0 
0 
0 
0 

•71 
47 
40 
62 
25 
291 
279 
0 

12 

25 
0 

a 

50 
19 
40 
47 

.16 
31 
19 
31 


SEPT 


99 
81 
48 

207 

.0 
51 
-0 
36 
51 
33 

198 
129 
147' 
162 
168 
393 
306 
87 
144 

63 
135 
63 
60 

174 
153 
,174 
174 

192 
,210 
204 
219 


oclr 


my 


443i 
419, 
372' 

539 

112 
223 
136 
'214" 
229 
217 

422 
329 
.  384 
391 
493 
701 
406 
310 
450 

254 
400 
257 
264 

484 
437 
474 
471 

524. 
543- 
555 
538 


867 
849 
822 

\891 

'360 
540 
408 
495 
549 
519 

636 
543 
624 
633 
879 
1008- 
534 
681. 
828 

591 
729 
585 
606 

924 
924 
.  930 
876 

942 
■924- 
1020 
.  948 


DEC 


1141 
1082 
1091 

1349 

645 
822 
698 
784 
825 
834 

753 
657 
763 
75a 
1082 
1178 
639 
843 
i039 

865 
992 
-856 
905 

1333 
1339 
1330 
1252 

1169 
1101 
1299 
1200 


JAN 


l252.r 
1172 
1178 

1513 


694 

849 

7384 

815* 

834 

871 

834 

7^8 
831 
828 
1231 
1287 
713 
986 
1163" 

880 
1008 
880 
942 

1494 
1504 
1473 
1376 

1299 
1228 
1417 
1355 


FEB 


988 
910 
902 

1333 


633 
731 
655. 
703 
722 
762 

67^5 
599 
655 
678 
980 
1(575 
613 
745 
868 

770 
896 
764 
826 

1313 
1277 
1274 
ll93 

1084 
1056 
1145 
1154 


MAR 


822 
763 
^29 

11^7 

536 
605 
533 
546 
614 
626 

645 
577 
608 
65J 
834 
1085 
645 
^89 
713 

6'48 
791 
636- 
691 

1141 
W70 
1113 
1054 

1020 
lOU 
1017 
1054 


APR 


519 
459 
408 

714 

246 
267 
^216 
219 
261 
288 

450 
396 
411 
474 
531 
855 
525 
342 
435 

330 
444 
294 

'339 

654 
540 
618 
642 

657 
672 
654 
642 


MAY 


279 
233 
177 


353 


JUNE  ANNUAL 


53. 
7' 

•  53  ^ 
65 
.  74 

307 
242 
242 
295 
288 
654 
431 
177 
220 

96 
198 


-99  ■ 


245 
310 
372 

'381 
381 
381 
366 


87 
84 
51 

90 

0 
0 
0 
0 
0 
0 

177 
177 

9a 

159 
135 
483 
333 
45 
69 


9 
48 
12 

-6 

- — 

69 
102 
135 

129" 
102 
153 
150 


6497^ 
60^ 
4778 

8269  ' 

3279 

4166 

3421 

3865^ 

4150 

4224 

5236 

442-4 

4838 

5145- 

6655 

9283 

5719 

48D5 

5941 

447t 
5675, 
'4446 
47.54 

'  8029 
■  7589 
7863 
7635 

-7410 
7278 
7870 
7683 


IN. 


5 

12^ 

15  - 
20 
14 
15, 

21 
23 

20 
•  2 


12 
6 

■  9 

•h  10" 

'  8 

•12 
•12 

9 

•  6 

•11 
--'6 
-16 
-12 


SUMM. 


97 

88 

94 
94- 

96 

-94 

85 
82 

85 
93 


98 
94 

;92" 
87 
95 
93 

88 
90 
92" 

,90 

92 
89 
92 
95 


I 

to 
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^«    TRAINING  COURSE  IN^' 
THE-  PRACTICAL  ASPECTS  OF  'I 


DESIGNXpF.SOLAR  HEATING  AND  CWLING  SYSTEMS  *  ' 

FOR 

residential"  BUILDINGS 


t  r 


^  MODUIE.  5"' 


6 


HEATING  AND  COOLING' -LOAD  ANALYSES^ 


«^  ^  «^ 


^  SOLAR  ENERGY  APPLICATIONS  LABORATO^Y- 
COLORADO.  STATE'"  UNIVERSITY. 


FORT  £OM.fNS-,.,  COLOR, 


f. 


'is  i  - 
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Lisisrof  .Figures' 
.List  oi  Tables 
Glossary  of  Terms  ^ 
^   Lis^t  of  Synib9ls  ' 


\ 


■INTRODUCTION  v 


TRAINEJE.-ORIENTED  OBJECTIVE 


SUB-OBJECTIVES' 


/    HE^T  LOSSES 


HEAT  TRANSMISSION  THROUGH  BUILWNG^RFACES 


TRANSMISSIbti^(?OEfFlCIENTS 

Exampl^e  .J—  Fr^inife -Wafl  (2  )^.4-  studs)  -  • .  a  ^  v-' 
Example  2  -^Fr^m^  WsfTV  (2  x  6^^ds)  \ 
^  Example  3  -  Sol  tcj  Masonry  Wa1 
Ekamfjy  4%  Wasonry  W^l^ls"  ' 
E)^anij)lje  5^-  Basement  Wa41  • 


•c4 


1^ 


r 


Example^'e"'- ^nsiiU^d:Xeil  1'%,  6  inches 
Exatfiple  7 A  Irt«lated  Cellilig,  9  inches 


5  i<  «^ 


'^  Example >  -  Floor^  . 

E'xample  9  -  Floor 
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Cooling  toad  . 

r 

Conductance 

Design  "Equivalent  , 
Temperature  Differen- 
tial •  ' 

*        ^  • 

Heat'  Gains 

Heat  loss  '  ' 

'f       ■  .  . 
Heat 'Tratisrniss  ion 
L6sses  ,  \ 

Infiltration  G^n 
Infiltration  loss 

R  value 
Uv  value  . 


Rate. of  heat'jemova'l  fi*^  a' building  .to  maintain 
canstant  fadoor  temperature..  * 


Expresses  the  ease  or  di.fficulty  of  materials 
to  coriduct'heat  from  th?  rhigh  temperature  side,  * 
to  the  low  temperature  side,  ^  ■  ' 

Temperature  fliffeVential^  between  outdoor  and  indoor 
temperature  adjusted -for  effects  of  surface  ^ 
absorptance  of  splar  enecgy  and  ra^iatiort. 

Rate  of  heat  flow  into  a  building  per.i^it  time, 
usually,  one  hour*  -  ■    /  ^ 

ftate  of  h^at  flow  out  of  a^  building'per  unit  time, 
uftial,ly*one  hour. 

Heat  loss      ^      *  ' 


Infiltration  pi  hot  air  into  a  building. -which  must 
be  copied  to  the  comfort  -level  ^f  the  building  air. 

Infiltratidn  of^cold  alriinto  a  building  which  . 
must  be  heated  to  the  comfort  level  ©f  the  building 

air.-j- 

Thermal  resistance  of  materials  to  flow  of  heat., 
Heat  transfer  coefficient  for  material . 


■  V 


<  LISrOF  SYMBOLS 


A'  Area  of  f\eiX  transfer  surface,  ft  *  '  ' 

V       '  •  ^ 

f^-  '  Air  film  inductance  for  Still  air  on  inside  surface  of 

.the  buildTn"^,  Btu/(hr)(ft2){0F) 

f-.  .  *     Air  film  conductance  for  moving  air  on  outside  sur<face 

■  of*  the  building,  Btu/(Hr) (ft2)(0F)  ^  *  ' 

Q  *.  ,  Heat,  flow- rate',  Btu/hr  ;  •  . 

R'  \   -  Thermal  resistfince  of-bui.1dtng  materials,  (hr)(ft  ){0F)/Btu 

.R^-''  Thermal  resistance  of' inside  air  filifi^,  (h}^){ft^)(°F)/Btu 

R  •    Thermal  resistance. of  ^irtside  air  film,  .][hr)(ft^lC°F)/Btu 

Total  tbefmal  reffi stance. for  composite  buildiTig  components, 
(hr)tft2){0F)/Btu  •  :  •  ,  , 


,  Design  inside 't^mperpiture,  F 


Design 'garage  temperature,' °F 


G 

T^  Desigfl  outdoor  temperature,^   F:  »  .  , 

U  •        Heart- transfer- coefficient*,  Btu/(hr)(f t^H°P)' 

U  *  _  "  Overall  heat  tra^rlsfer  coefficient,  Btu/Chr") (ft^) (°F)  • 

'  •  /       ^  3  ♦ 

V  'VolwAie  qliange  of  air  in  the  rcioms  per  hour,,ft  /Jir  *s  • 

'  Humidity  ratio  of -indoor  air,  dirpensionless  7  ^ 

W^^  -   „  Humidity  ratio^1)f  .dutdopr  ^'i][f,/dfeen§ioiflfes^ 


'  ^  •  *     —    •  '    •  252  ' 


5-1  , 
INTRODUgriON 


TRAINEE-ORIENTgD  OBJECTIVE  ,    '  .  ■  • 

The  objective -o'f  this  module  is  to  present  methods  for  estimating 
heat  Joss  and  heat'gains  ^for  a  building,  to  rb*.  heated  and  cooled,  based  "on 
J         maintaining  a  selected  indoor  air  tejnpei^in;;fi  during  .periods  of  design 
_  'outdoor  weather"  conditions,  ,  i  .  ■  . 


UB-OBJECTIVES  /       '  ^         /  " 

The  trainee' will  be  able  tg>-^  * 

1.  -r    Select  the  design- outdoor  temperature 

2,  "  iDfetermfne  heat  transfer. coefficients 
3*     Compute  heat  transmission  losses 
4*     Compute  the  design  heat' loss  for  the  bu tiding' -based 

.   ■      'degree-days  ^ 

5.  Compute  heat  gains  in  the  building 

6,  Compute  the  design  cooling  Load  for  the  baildi'ng. 

Proper  Resign  .of  s^ace  heatir^  arid  air  conditioning  requires^ knowledge 
df  heat  losses  and  gains  for"  a  biiilding^   This  is  pa'rticulkriy  needed  -for'  ' 

'  -  .       :      I  •■  ..  .  . 

solar  systems  because  the  thermal  loads  affect  system  size, and  system  $i2e 

affects  the  costs.  " 
»  ■ 

J  This  module  is  concerned  with^the  procedures  for  deterrnining  t^je. heat 
transmission  losses  and  gains  and  the  necessary  data  to  perforip  thecal-  r 
eolations.    Various  '  .metf^ods  for  determining,  thermal  .loads;  for  buildings^ 
are  available  and^ the  .trainees  are  undoubtedly  familiar  with  some  of 
them.    Only  one  method  j|r  de^termtnlng  heat  losses  and  one-  for  heat  gains  is 
presented  herein  to  es^Ablish^a  common  base  for  the^traNnees  in  this  course. 


This  is  not  to  im^y  that  other 'methods  are  not  useful.  The  methods 
•described  fn  this  module  are  sirnpTe  to  apply.  . 

Heat  transmission  losses,  or  more  simply  heat  losses,  from  buildings 
may  be  divided' into  two  groups:  ,(1).  the  transmission^losses  through  ^ 
Walls,  floor,  ceiling,  glass  and  other  surfaces  and    (^J   the  infiltration 
losses,  or  more" correctly  infill tration  of  ctfld-air;  through  open  ddors  and 
windows,  cracks  and  crevices  around  doors  and  windows, whi.ch  must  be  heated 
to  the  comfort  level  in  the  building.     J"  ^ 


HEAT  TRANSMISSION  THROUGH  BUILDING  SURFACES     "    *  ^  \ 

Heat  IS  transferred  from  warm  room  air  to  outdoor -air  by  a  three- 
step  prodess.  'Heat  is  transferred  from  the  ro.om  atr  to  the  inside  surface 
of  a  wall  or^window,  through^the  wall  or  w;indow",  and  from  the^ outside  • 
surface  to  the  outdoor  air!  We  rate  of -heat' flo\^f  per  unit  time  frjQm  the 
building  to  the  outdoors  dependf^upon  the  "surface;  area, , A,  an  overall  * 
heat  transfer  coefficient*,  U,  and  the  air  £emp.er^ature  difference  betweeri 
the  ins^i^,  T^. ,  and  outside,  T^.^- .Expressed  in  equation  form:. 


Q  =  .UA(T.  -  T^)  .  _       ,      *  (5-U 

■  wtierfe  Q  is  heat  flow 'rate,  Btu/hr;  A  is  wall  area,  ft  i  U- is' the 'oveJ-an 
heat  transfer  {Coefficient,  Btu  per  (hr)(ft^)(°F)i  T.  is  indoor  tjemperature, 
°F;  and  -T^  js  outdoor* teniper&ture,  .^F.  *  - 

The  overall  heat  transfer  coefficient,  often  called  the  U  factor.^ 
is^determined, by  the  V^eciprocal  of-the  total  thermal  resistance,  Ry,to 
heat  flow:  •  .  nrr  j 


and 


=  Rj  +   R2      R3  +•  R^  +     etc.  '  ;  (5^3) 

where*  l^j,  R^,  etc.,  are  R  factors,  the  individual  resistances^irf-^ — ^ 
wall  components.  »  -  - 

The  transfer  of  heat  from  .the  insid^ir  to  the  walV  is  visualized  . 
as  taking  place  through  a  t)iin  film  of  air  adjacent  to  the  wall  surfctce. 
This  thin  film  has  f-esistance,  R^.,  to  .heat  fVow  determined  by  the  film 
conductance,  f^.p^  -  /    ^  " 

•  .       ^     V=Tr.  ■'      .        ■  '.(5-4) 

^  4 

and  should  be  included  in  the  determination  of  the  overa'fl  U  factor: 
Similarl^j^here  is  a  thin  film  at  the  outside  surface,  #:he  conductance'  ' 
of  which, symbolized  by  f^.-is  dependent  upon  the  wind  speed.  The^ 
resistance  of  the  outside  film,  R  ,  is 

,  ..• 
■    .     •  fo=f  •  .     ■  -  ^.    .  -  (5-5)" 

During  summenmo'nthSj.when  the  outside  temperature  is  greater  than  the 
indoor  temperature,  heat  is  conducted^ihl;o  the  building.   The  principles  •  ■ 
are  .the  same  as 'the  foregoing,  except  that  heat  flow  rate  isjlet^rmined 
by  *  '  '  > 


5-4-.  , 
Q  =  UA  (Tq  -  T.)  ^  '(5.6l|^ 

where      and      have  been  interchanged  from"  equation  (5-lK. 

Surface  conductances  and  resistances. for  air  films  for  interior  and  - 
exterior  surfaces,  fof^  wiater'  and  summer,  are  tabulated  in  Table  5-1 
at  the  eM  of  this  module.   The  winter  values  are  based  on  wind  velocity 
of  15  mph\nd  slimmer  values  aH  based, on  wirvd  velocity  of  7  mph. 

Dead  cTtr  spaces  b.etween  walls  offer  thermal  resistance.  The 
resistance  values  are  t&J)ulated  in  Table  5-2  for  3/4-inch  and  4-inch  spaces 
f^rMwTrrte^  and  summer  conditions.    For  spaces -between  3/4  and  4.  inthes, 
valQes  may  be  interpolated.  ,  ■       ^  ^  ^  •  c 

Resistance  values  fonconunon  building  materials  are  tabulated  in 
Table  5^3, -  U  factors  for  windows  and  patio  doors  are  tabulated  in  Yable 
5-4, and  U  factors  for  solid  doors  are  listed  in  Table  5-5  with  and  without 
storm^ doors.    The  values  in  these  tables  correspond  with  more  complete 
tables  listed  An  Chapter  20,  ASHRAE  Handbook  of  Fundamentals/  (1972). 

TRANSMISSION  COEFFICIENTS  ^  ^  *  ' 

Tlie  procedure  for  determining  the  overall  heat  transmission  \  ' 

'  coefficients,  U,  for  typical  wall,  roof,  ceiling   and  floor  construction  is 

presented  in  this  section.   The  values  of  R  used  are  |ound  in  Tables  6-1 

through  S-3.  ^  U  factors  for.  composite  construction  are  detertnined  in.  the,  - 
^following  examples.    U  factprs-for  other  types  of  constriiction  may  be 

calculated  l)y^  foil  owing  these  examples.     '  ^      ^  '      ^    ^  - 
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I 


~     •  ITEM 

[1, 

,Outside  film  (15^mph  w>rid,' winter) 

0.17 

2. 

Siding,  mod  (J^  x  8  lapped) 

"  0.81 

3. 

Sheathing   (J^Jnch  regular) 

Qs^         ■  1.32 

"  4. 

Insulation  batt  (SrS^s  inch) 

-  11.00 

5. 

-Gypsum  wall,  board  Ik  inch) 

0.45 

6. 

Inside  surface  (winter) 

•            .  0.68 

^        Total  Resistance, 

> 

--14.43 

.0.07 

'  2 


The  calculated  U  factor  applies -to  the  area  between  2x4  studs. 
Because  the  resistance  to  heat  flow  through  the  2x4  stud  is  diffifirent 
from  the  insulation,  a  correction  is  sometimes  applied,    However,  the. 
...  corrdfctions  usually  amount  to  less  than  the  accuracy  of  the  R  values. 
.  Corrections  are  therefore  considered  unnecessary. 

-  ^ » .    ■  "  ■  ■  •■  ■■  •  • 


Example  2—  Frame  Wall  (2x6  studs)  , 
From  Example  1,       "  \' 

•  •'     ■   '■  :  •  "t  ' 

Replace  3i$-inch  in^ation,  subtract 

•  ^  Add  5^-inch  insulation 

,New  Rj 
•       _  U=l/Rj 
Difference  -in  U  from  Example  1 
Percent  Difference  from  2x4  wall  , 


i. 


'  14.43 

11.00 
3.43 

19.00  • 
22.43 
0.04 

o:o3  ■ 

43  percent 


There  is  43-percent  redact j:0^H4n- beat  loss  for  a  2  x  6  wall,  as  ' 
•compared  with  a  2  x  4' wall  with  correspondingly  thicker  ^nsu^ation  in 
2  x  6  wall. 


the 


^Example-3  -.Solid  Masonry  Wall 

ITEM 

!•    ^tside  film  (15  mph  wind,  wiater) 
^2.     Face  brick  (4  inch)  _  , 

3,  Common  brick  (^  inch) 

4,  '   Air  space  (3/4  ipch)        .  ; 

5,  ffypsum  b6ard  {h  inch) 
6*     Inside  surface  - 

Total  Rpsi stance, 


R 


-0.17 

M\ 

^0 
1.28 

.0.68 
-a.  82 
.0.26 


I       2   34      9  • 


\ 
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Example  4  -  Masoiiry  WaUs  _^ 

•  ;  iM 

1.  Outside  surface  (15  mph) 

2.  Face  brick  (4  inUi) 

3.  "Cement  mortar      incft)       "  ' 

4.  Cinder  block  (8  inch) 

5.  Airyfet)ace  (3/4  inch) 

6.  Gypsum  board  inah)o 

7.  Inside  surface 

I 

Total  Resi^stance, 


r 


0.17 
.J).  44 
0:10 
1.72 
1.28 

0.68 
4,84 
0.21 


Ex^m^le  5  -  gasement  Wall 
'  ^  .  JT£M 
Concrete  wall  (8»  inch)  ' 
2.     Insulatipri  batt  .(2  inch) 
,  _    3.     Gypsum^boacd^^  -incU)^ 
4.     Inside  surfa-Ce 

Total  Resistance,  R 


;  0.64-. 
•     '  7.00^ 

0.68  - 

■  .8!77 


5-8 


Example  6  ■>  Insulated  Ceiling,  6  inches 

ITEM 

1.    . Inside  surface  ' 
J     2.     Insulation  batt  (6  inch) 

3.  ^   Gypsum  board  {h  inch) 

4.  .  Inside  surface 

Total  Resistandej.^-R^ 
U  =  1/Rt  \' 


R 


0.68 
19.00 

0.45 

>0.68 
20.81* 

0.05 


Example  7  -  Insulated  Ceilirw,  9  inches 
'  .  ITEM  , 

.  1-.     Inside  surface  / 

2.  Insulation  (9  inch) 

3.  Gypsum  board  {h  \^ch) 

4.  Inside  surface     .  . 

Total  Resistance,  R-. 

T** 


U  =  1/R, 


Percent  decrease  of  t)  wtth  9-inch  insulation  over 
6-inch 'insulation,  20  percent. 


R 


24.00 
0.45  . 

25.67' 
°  9%  04 
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,  -  Example  8  -  rioar 


5-9 


(J- 


TEM 


'L  Top  surface'  .  . 

'  2. '  Lfnoleum  or 

,    .  '3.^'  Felt 
»  •  /  ^ 

~^"^|^;  4  J  Pi>A^oojl' (5/8  inch), 

5.'"  Wood  subfloor  (3/4  inch),' 

,  .  6.  Air  -space 

'    7.  -Acoustic  c^trfing  ti lei 3/4  Inch) 

^-  8.*'  Surface  '  '  -  *     ■  ^ 

*     ■•  Total  Rfesfstance,  R, 


.0  ri/R-r 


R' 


0.61 
<  0-.C5 

0.06^ 

o'.78' 

0.94 

0.85^ 
V  1.89 


0.61"" 

'  « 

5'.  79 

\ 

0.17. 


4^- 


-.4 

Example  9  -  Floor- 


I  J  3  4  5  6  7 


2L 


*  '     4,     Carpet  and  fjb;rous  pad  ' 

.2,     Plywood' (3/4  onclfV    '  ' 
i      \  3v  a  Insulation- (9*1  n^.t>-)^^  %  * 

4'.     Surface  (still  a'ii^'^'      *  v"'  ^ 
Tota-1  Resistance, 


I: 


2.08' 
,0.93 
24 -.00 
0.61 
•2  7.62^ 
0."04 


5-10 


.Example  10     Basfement      "  - 

•'jELLheat  loss  from  a  heated  basement  should  be-based  on^  heat  transfer' 
coefficient, for  both  wall  and  floor  of  U' -  0.10.  The  temperatur:^  alfiacent  ^ 
to  basement  walls  and  floqV  varies ^pfl^K  of  heat  trari^sfer-through-  ' 

the  walls;   The  more '"heat  that  flows  "through,  the  w^ills,  tlie  warmer  will  ' 
be  the-ground  temperiature*  \Below  b'asement  floorsT^a  ground  temperature, 
equal  to  the  ground  water  temperature  is  sometimes  used.    A  temperature 
of  45^^F  IS  recommended  as  a  rule  of  thumb  for  this  course.    If  conditions 
warrant,  a  different  temper^aiture  may  be  us^a.         '  ^      '  < 


^  Example  11  -  Pitched  Roofs^ij^eat  Flow  UpT 

ITEM 

1.    o5l'  side\urface  (15  mph) 
si.  ~ Asphalt  ^sh)ngle  roofing 

3.  Build(tnikJ)aper 

4.  Plywood  deck  (5/8  fhch| 
5..     Inside  surface 
.  '  Total  Resistance,  R^. 

U  =  -l/R,  '        '  . 


R. 


'0.17- 

• 

.0.44 
^0.06 
•0\78  ' 
0.61 
2.06 
0.49^ 


•u 


2S2 


5-n 


-7 


Example  12     Pitched  Roof  with  Air  Space  and  Sheathing  (Heat  Flow  Up) 


S.ee  Example  11^ 


ITEM 


Tt.  Outside  surface 

2.  Wood  shingle 

3.  15  pound  fel t 

4..  Plywood  deck  (5/8^iri£j3) 

5.  ^ ,  Air  space 

6.  ^  Gypsum  inch) 


\^  7.     Inside  surface 


Total  Resistance, 
U  =  \/Rr  ■' 


•  R 


0.17 
0.94 
0.06 
'  ,0.78 
•1.00*' 
0.45 

.  o.^r 

■  4:01' 
•ft.  25' 


Example  13  -  Pitched  Roof  wit'h  Mounted  Collector  (At-  Nigh-tg^ 


1.  •  Outside  surface 

-     -      2.  -Glass  ^ 

'3".  Air  space  (•3/4_  ^h) 

*  '4'.  Insulation' 

.    *   5..  15  ^j^nd  fplt  /  , 

,  6!  ^Plywood  (3y^4  ihch*).^ 

'  7.  inside  sui;/ace  . ' 


*^  .Total  Resistance,  R^ 
ii  -  1/R^     /  '  '  ' 
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R 


yo.iT- 

■  1.13 
'1.75 
7.00 
0.06 
t)-.93- 
0.61 

.  11.65- 
b.'0"9 


.  ^  ,.5-12 


'  ^.H^T  LOSS  BY  INFILTRATION        .  •  -     ,        •  > 

Calculation  of  infiltration  losses  can  be  very  complex.  Exi)erience 
•'and  judgment  are  important* to  provide  reasonable  estima^s.    Of  two  methods 
.used  for  c£^1cu1atiDg  ihf.iltr^iti on' rates, only  the  simpler  air  change  method  • 
.is^disaussed  in'thi^  module.^.   Readers^ai«e  referred  to-  the.ASHRAE  Handbook 


'  .  of  Fundamentals  for%detail's  of  the .  "Craek"  method.    In  either  method^ 
the  objective ^is  to  determine  the-^ount  of  heat- r'equi red  to  raise-  the  , 
temperature^of  cold  Xir  which -e/iters  a.biii'Hding  through  cracks,  open  windows', 
and  doors.  ^  ' 

*    The  volume  of  cold  air^ ^expected^  to  inter  \  room  through  cracks  during  • 

.    asone-hoar  peri  oil  .depends  pn  sudi^f^^ctbrs  as  wi^nd  directjon*  Sind  sp^ed,  / 
pre^re  differences. inside- and  oytsidb^tffe  buiVd'jng,  stoqii  wii^dows,  air 

•locks  'On, outdoor  entrances;  and  whether  r^om  floors  afe  cl'psed.    The  entering 

^  ,  '  .     ^     ,       ^  '  u  ! 

•.volume  of.cold^iVls  isxpressed  in  terms  of  air  changes  per  hour  in  the 

^    r^^om  und^r  conSicfera'tiop*    It  is  normal lyvexpected  that  stom  doors  |ind  * 

*^windpv/s,  or  tight- fitting  double-gla?ed  windows  will  sooft  be  .widely  adopted  ^' 

.,yh  new  tortstruction,  particularly  for  solar  Heated  and  cooled  houses, 

T;he  average  air  chaftges  for  rooms  with  various  fenestrations  listed  ih  Table/- 

6-6<are  in  accoydtfnce  with  Chapter  19,  ASHRAE  Handbook -of  Fundamentals  tl972)  .. 

.From  ^  the -.air  change  ra^,  per  hour,  the  volume  rate  of  air  change      '    '  1 

per  hpur,  V\  is  determined.  ,][r*om  the  room  y/olume.    The  heat 

infil tration\s  calculated  from  '  '  ^  < 

'-^         "      ,  ■         ■  ,  ^ 
=  *o.oa8  V  (T.  -.T  )•  '  4^    ;      .     ■ {^-^i  .  ' 


4b. 

^  where  V  is  the  volume  change  .per  hour;  0  is  Btu  per  hour.  '  ^ 

\      .  ^     .     .  '      .  ' 

When  mq.tsture\is  abided  taithe  air  to  rfiiaintain'.wtnteir  com^forl-  conditions ^ 
'  "  ■     \  /     '  '-if.  ■ 

r  :  ^  •    heaf'will  be  fequirM  to^a.porate  the  water  yapor  added  to*  the  building 

•  - 

«    ■  '■■  ••■V  V        2k".  "C- 


dir.    The  rate  of  heat  wadded  is'most  conveniently  calculated  from  '  *^ 
the  equation  belowf                        ^  .  ^ 

'  ^  :   Q  =  79,/5  V^(W.  -  W  )   ^  ^  *-    \'    ^    .  .  f5-8) 

I         '  T  i        0  ^  -  •  / 


•where  V  is  the  inf il trration  rate;  cfh;  W.  is  humidity  ratfo  of  indoor: 
air,  dimensionl ess;  W  -is  humidity  ratio  of  outdpor  air.,  d,imensic)nless . 

InfiT%rat-ion  .occurs  primafily  because  of  wind  impacting  on.  the  } 

%  *».  !•»  ^ 

building  from  a  given 'direction,.  -  Therefore, , only  the  room$'On  one  side  of 
^    the  building  wOuld  be  affected. at  a"  given  time.*  The  values  in:'Table  5-6 
.accojunt  for  this  fa^ctbr. .  .  •    •  * 


■  -HEAT  LOSS  -CALCULATION 
'    -Procedure  •  ' 


rill  ATTHN  •  • ^ 


1.     Select  the  design  outdo'or  temperature,'  T^j^or  selected  cities 


^      ,     frorti  the""  la'sScSlwui  iil.  Table  4-5*.         ,  . 
:     2.     Select  the  Jndoar ''design /temperature^  T.,at,68    F.  »  (If  zone 

controls  or  cloqk  thermostats  are  used  *to  lower%he  temperature  \ 
f  '   -       '    of  unused  npoms  and  at^  night,  consi-d^^'tion  should  be  given  to 
;  selecting' Tottfer  indoor  tpmpera-tures  for^specific  j)eriods  of  time.}^ 

'  3.     Determine  n^t  aif^fcP6T*A;,  of  v/alls,  roofj  ceiling,' y/indows, 

'  '       .  .     *  /  '    *  '  J  * 

doofs,_any  floor  fcn;^  eath*yiffeyjenrt  type  of  cortst-r.u'ction^ 


4^.;^  Select  U  factors  from  ^^ampHs  1  through  13., -or  calculate 

appropriate  U-f^ctors-  Q&r  s;^ecif\c  wa^ll^  type.  ^ 
5*     Calculate  heat  transmission  loss  rate  fromV*' * 
•/       '^Q  =  UA(T.''  -  T^)      1^-1}*  . 
/through  each  type  af. surface.  ,^       .     '  ^ 


»     ,See  section  •on  tempera tur»e's  pf  unheated'sp^es.  * 


,6.'     Sum  the  transmi'ss'ioh  losses'. 
7.    .Determine  Infiltration  losses. 


•  8.  the'infiltra*non "fosses  to. the  transmission  losses  . 

to  obta5-n  .the  ,tot^l  b^eat  loss  from  t|ie  building,  . 
^    9.     Determine  .the  design  heat  loss  rate  for  the  buildiag  for  each' 

*  V*  deo^ree  day. 


Temperatures'  of  Unheated  Spaces  ^       ^  '  '. 

'  *  ,   Attic  Temperature     Jtie  attic  temperature  is  detem}i|iedrfro1n  ^ 
a  balaftce  of^eat  .f low  into       'out 'of  the  attic  Heat  flow  into  the  a;^tic 

is  from  the  ceiling;  heat  flow  out* is"  through  the  roof  surfaces  and  end 

\.  •  '  '  "   ^    ' ' '  ,^  ■ 

wal>s.    The  general  forimfla»/or  deterfWning  attic  temperature  ij:     ,  , 


where 


/ 


'at 


A  ^ 
«    w  ♦ 


u 


W 


r     3    c  c  c  .   -0^  r  r  •    w  w  • 

'at     A^U  ■  +  A  U    +  A  U  . 
c  c      r  r  WW 


is.  attic  .temperature,.  F 

t 

^  'fs  room  temperature,., °F 

0^ 

>is  outside  temperature,  F 

•  2  •    ■  '  * 

i.s  ceiTing- area ,  f,t      ,    •   .  ^ 

2  '  *  •  • 

.15  roof  area,  .ft    -    ,  .  , 

.  ^  -    .  2      •      •  . 

is^  roof  wall  area*  ft-.        ^     ^    '  - 

--^is  ceil-i^^U  factor,  Btv/{Krmt^){°F)  ^ 

is  VcJof^y-'factorf  Btu/(hrJ(ft^)(?£) 

,  'i.s  wall -U' factor,  ^tu/(hr)(ft^)'(°F> 


(5-9) 


5-1^ 


Exaipple  14  -  Attic  Temperature'  for  a  Wood  Shingled  Roof 
^  .palculate  attic  ^emperature  for  a  wood  shingled  rpof  with  the 'given 
•dim^wsions.  ,      is  -9  °F,       is  .68  ^F.    See  Example  6  for  ceiling  U  factor, 
U    ^  0.05.    See  Example  12. for  roof.U  factor,       =  0.25..^  For  Example  1, 
for  no  Insulation  and  S^^-inch  air  space,  U, factor  for  wal\  is:  • 


Rj  from  Example  h 
Subtract  i^wtri^ion 
Subtract  gypsum  board 

Total  Resistance,  R, 


14.43 
■11.00 
•  0.45 
2.98 
0.34 


Calculate  Area: 


.  A 


c.  • 


30  X  50  =  1500  ft' 
'  /Fx  15  X  50'x  2  =  2120  ft^ 
30  X  15  X  !'2  X  2  =  450 


'J 


\ 


(1500) (0 


(0.05)(68')  +  i-iS)  f(212Q)(0.25)  +  (45p)(0.34)1 
(1500)f0,,5)  .+  C2120){.25)  +  (450)(0.34)     I  ^ 


■5100 


af  '  75 


10  -J6147  ,  .  on 

+  sib  +  153  ^  "  '^'^  , 


Example'^5  -  Attic  Tempe^at^ne  with  Mounted  Collector 

"  *  *  '  ) 

Cal^olatfpihe  attic  temperature  with  a  collector  mounted  on  one  side 

of « roof  .j;(^rom 'Example  13,      with  collector  is  0.09.    A      iln  equation 


^9).  consists  of^twQ  parts: 


ERIC 


^      (with  collector)  =  lOSO^  ft  . 


Tw'ithout  colljsctor)  =  1060  ft 


.r2  ■ 


■  ^ 


.  .{J^  (with  collector)  =  0.09  •, 
•  . Uy; Twi ttiout  collector)  ='0.25 


A^U^  =  S060)(0.9)  +  (1060)(.25)  =  3^ 


For  Example  5-14, 


J-    _  (1500)(0.5)(g8)  4-(-9)  .[360  *  (450)(.34,)1  .... 
at."  ^         (1500)(0.5)  +  360  +  153 


P  ,  5100  -  4617  =  0  8  op 
at-  588  ^ 


When  ventilation  is  provided,  at  0.5  cfm  per  square  foot  of  ceiling, 
the  attic  temperatures  must  be  reduced  "from  those  calculated  in  Examples 
14  and  15.  /Thus,  the  attic  temperature  approaches  outdoor  temperature. 

^       -  • 

Attic  temperature  may  be  assumed  to  be  the  outdoor  temperature  with  well- 
^  insulated  ceilings  without  significant  er»ror  in  heat  loss  calculation. 

Unheated  (Parage, With  similar  detailed  calculations ,  ' the  temperature 
/in  atiy  unhecitl^d  garage  may^e  calculated.    For  ease  of  calculation  .of  heat 
tosses,  the  garage  temperature  may  be  assumed  to  be' the  meaq^.of  the  indoor 
and  outdoor  tempera turtes,  thus:  •  *  -       •        _  .  *  ^  ^ 


Tg  =  -5_L  .  (5.10) 

^>  .^^--^  Y  ^ 

Example:'  Wit-h  outdoor  temrierature  of  -9  ^F,  indoor 
.temperature' of  j58        the  garage4:empera^ur6  — 

/Example  Heat  Loss  Ca-^culation  '  '  -    !  ,  ^' 

— s  -  .  .  :  . 

An  example  heat* loss  calculation  is  presented  below  for  a  house  in  Fort 

*  '  *■  \        '  •  •  *  . 

Cpllins  shown  in  Figure  5-l),  with  the  ^description  of  materials  "given' 


•In  Figure  5-2.  -The  viindo>C  in  all  beVr^'oms 

268  ' 


Figure  5-2.  -The  ^^ndows  in  all  badr^oms  are  3*  x  4*,  double'hung, 


single  pane,  ,wood  sash  with. storm  windows  havyig  3-inch  air  space.  -The 
window  in  the  bathroom  is^2'x  V  ,  double  hung,  single  pane,  wood  sash 
rfWith  storm  window.  .  The  window  in  the-  living  room  is  4*  x  8'  ,'*wood 
sash,  double, glass  with  ^-incfi  air  space.  -The  window  in  the  kitchen  is* 
2.5*  X  4'  double  .tiung,  single  pane,  wood,  sash  with  storm  w-indow.  The 
window  in  the  breakfast  nook-is  3*  x  4'  double  glass,  wood  sash  with  -^-inch 
air  space.    The  6'  x  6'  sliding  patio  door  in  the  family  room  is  doubVe- 
glass  wood  frame  with  ^i-inch'air  space.  .  The  basement  windows  are  W  x  IH' 
and  will. be  ignored  in  this  calculation.  '  BatKrooms  and  kitchen  ar^  ventilated 
The  heating  worksheet  in  Figure  5-3  is  used  to  facilitate  calculations. 

0 

Referring  to  Table  4-5,  the  design  temperature  is  -9    F  for'F^rt  Collins, 
ColoraiJo.  The  design " indoor  temperature  is    68    F.    The  total  heat  Toss 
from  the  building  for  the  design  temperatures  is  53,215  Btu  per  hour.  The 
heat  load  based  on  degree  days  is  determined  as  follows:| 

.  \ 

H^t  loss  ^24  ^  ^ 

/Des'Kgn  Temperature  Diff, 


'For  the  examplie  of  Figure. 5-3,  the  heat  load  based  on  degree  days  (DO) 
is  (^9)1    ■  L  ' 


53,215  X  24    ^    ,,^gQ  Btu 


"     It  is  interesting  to  nx)te  that  the  overall  U  factor  for  the  house' for 

^  •  ■ 

the  above  grade  living  space  jbas^d  on  the  computations  in  Figure?  5-J  is 

■      %  =  ^^loVx^ff  ^    ^    0.28  BtU/(hr)(ft2-)(°F)  ; 


.    .  5-18  -t^^ 

9 

♦ 

For  the  entire  house  including  the  basement,  *  i 

i  ^  '  .  ■  * 

;.  "o  ='3260^^  77    =  0-213tu/(hr)(ft^)(°Fr  " 

HEAT  GAJNS    ,  !  ^ 

#      /  ,  *  '  •  ■  - 

Heat  transnrission  into  a  building  takes  place  by  radiation  and 
conduction  froir)  bliilding  surfaces  and  by  infiltration  of  warm  air  into 
.conditioned  space.  'The  detailed  procedure  is  quite  complex,  taking  into 
account  the  thermal  and  optical  properties  of  the' building  materials, 
time  of  day,  day  of  the  year,  solar  radiation  intensity,  etc.    The  procedure 
descr^ibed  in  this  module  is  based  on  a  simplified  method  using  a  design  \ 
eqfiivalent  temperature  difference.  . 

Heat  gain  is  computed  by:        "  J  '       •     .  " 


Q  =  Uy\(DTD)  '  ;      ^  .   (5^11)  \ 


"where  .    .        ^  . 

^    ^  Q      is  rate  of  heat  gain,  ptu/hr 

2 

A      is  area    of  surface,  ft 


U  is. heat  transmission  coefficient,  Btu/(hr)(ft^)j;^F) 
DTD   is  desiqrt-equivalent  temperature  difference.  , 


J         The  DTD  for  three  design  outdoor- temperatures  .are  listed  in  Table 
5-7*       factors  for  typical  ^tonstruction  may  be' computed  in  the  manneFlhop 
in  Examples  1  through  13.^    Heat  gain  though  window/4depends  upon  exposure 
cto  solar  radiation;  therefore,  heat,  gains  will  differ    for  different  window 
orientations.    Heat- gains  directly  in  terms  of  Btu/-fhr)(f t^)  are  listed  in 
'  Table  5-8.    No  credit  is  given  ,for  shade  line  below  .Sin  overhang  in  the  j 


table.    When  a  permanent  overhang  is  provided,  the  shaded  Window  is 

1       / '       ■      '  ■  : 

treated  as  a  north-facing  j^indow.    average  shade  Itnes  below^an  overhang  for 
various  latitudes  and  window  orientation*  are^given.in  Table  5-9.  The 
overhang  width  mul  tipl  ied"  by  the  shade  factor  determiVie^,  the  average^ 

effective  shadow -1  in es  beTt)w  the  level  of  the  overhang;- ,  Dataware  for 

— 

August -1,  averaged  over  5  Hours.  ^ 

INFILTRATION  Z        ■  ' 

Infiltration  in  the  summer  is  less  than  , in  winter  because  the 
temperature  difference  and  wind  velocity  are  less..    Air  changes  per 
hoCir  for  the  summer  are  listed  in  Table  5-5,     Sensible  heat  gain  is 
^de^errrrfhed  by  equation  (5-7)  and  latent  heat  gain  by  equation  (5-8). 
Residential  cooling  loads  are  almost  always  based  on  sensible,  heat  gains. 

OCClyNCY 

Heat  gain  from  human  beings  in  a  j^esidence^  usually  assumed  tp  be 
about  200  to  250  Btu  per  hour.    For  normally  equipped  kitchens,  heat  . 
gain  from  appl ianoes- is  assumed  to  be  1260  Btu  per  hour  for  determining 
cooling  loads .  -  *         ^  .  %  ^ 

toR  EQUIPMENT  .    -         '     •  '      '  * 

Hfeat  gajjis  from  solar  equipmenjt  in  a  residence, i  *e. ,  motors,  heated 
pipes  and  ducts,  will,  add  to"  the  cooling  loacf/- The  he^rt  gain^ could  be 
significant  from  water  storage  tanks  if  the  equipmeVt  room  i$  nOt  vented.  \ 
While  there  are  as  yet  insufficient  data  from  solar  ft^ated  and  cooled 
housgs  to  'prqvide  design-tables,  a  heat  gain  equivalent  to  the  kitchen 
load^  1200  Btufvtnay  bpaSsumed.  ^ 


LATENT -HEAT       -  '  "   •  _  . 

Latent  heat  load  of  30  percent  of , the  sensible  heat  load  may  ' 
be  used.         .  t     .       *  » 

.      .      "  COOLING  LOAD    '       •'•        ■  ' 

The  differences  between  heat  gains  and  cooling  loads  are  important 
in  calculating  residential  coolirig  loads.    The  cooling  loads  in  residential 
buildings  are  primarily  due  to  s.ejisible  heat  flow  and'not„to  internal 
heat  gains.    It  must'  be  remembered*  th^t  oaly  a  Jew  days  each  season  are^ 
design  days,  and  a  partialOoad^condi  tion  exists  for  .many  hours  during 
a  season.    Thus,  an  oversized  system  does  no't  perform  effectively  with 
short  term  or  intermvttent  operating  cycles.    Equipment  should  be  of  the 
smallest  possible  capacity   and  designed 'to- operate  for  24  hours  a 
day,  usi'ng^  the  thermal  storag'e  available  in  inferior , walls,, and 
furnishings,  to  .reduce  temperature  excursions  in  %he  building.  •^^^ 

\  '  *  ,  ^ .  w 

PROCEDURE  FOR  CALCULATION'  \:J  ,  . 

1.,    Determine  the  design  outdoor  summer  tempera ture^^fwm--Ta 61  e  4-5 
2.     •Esta'blish  an  indCor  des.ign'temperature  (usually  75^  F). 
.3.-^  Determfhe  net  areas  of  building  sub-striillures.  / 
4-;     Select,  U  factors"  fro«  Examples  1  through  13, or  Calculate- U-factor 
—  .from  appropriate^  tabl^e^.  *  .      \  • 

'  Setect  the  Design  Equivalent  Temperature  Difference  (DETD)> 
*  from  Table  5-7.     ^     ^  -  .  "  ^ 

For  window^,  use -heat  gain  rates  -given/in  Table-5-8  c^rre^ted  ^ 
for  shading  factors  "given  TnlTable  5-9.  '     ,  *  * 

■       .^272     ...     ■  • 


5-21  .    "       ^  - 

7.  V  •Cafculate  fhe  sensible  freat  gain  from  con.duction  and  radiation, 


using  equation  (5-11);  . 


Q  =  UA(DETD)  '  .  ^.  •  '  '      /  >  (5-11) 


8.  ^    Calculate  the^ensible  heat  gain  duetto  infiltration,  using 

9.  '-^  Add  heat*  gain  from  occilpants -and  fixed  jappliances. 

10.  Sum  the  sensible  heat  gains'."  ' 

11.  ,  Add '30  percent  for  Tatent  cooling  Toad. 

12.  ^  Total  the  latent  load  and  sensible  heat  gains  to'xletermine 
:   ^the  total  cooling  load.  '  .       \  '  . 


Example  .  • 

'  -  ^  • 

Tjie  cooling  load  for  the  house  of  Figure  5-1  is  calculated  as  shown  . 
.in  Figure  6-4.    The  outdoor  .design  temperature,  from  Table  4-5,  is 
89    F.  'Th^injdoor  des-ign  temperature  Js  75  ^F.    The  U  factors  for  walTs, 
tailing  and  clobr  are        same  ^as^  for  winter  condi tion^^Refiriement  in  U 
fckctof's  were  not  made  in'these  computatiops  al thougjj^^the  R  factcJrs^in 
i^aiT/ilms  in  Tables  S-Tancl'^!^  wouTd  result  in  slightly<  di^fe»ent  R  factors 

The  .overhangs*  over  the  soyth-facing  windows  effectively  reduce  the 
heat  transfer  rates  equivalent  to^  the -north-facing  windows,  and  - 
are'no  eaatr  and  .soutK-facing  windows.    No  ^credit  *was  .taken  for  shoes' or  ^ 
drapes 'over  the  windows,  '     -       •  \ 

the 'temperature -in  the  garage  was' assumed  to  be  the  mean  between 
inqpdr  and  outdoor  design  temperatures,  and^the  design  temperature 
diffe|^ncp  fOETO)  given  1n  Table  5-7  were  inteVpolated^for- the  design 
outdoor  temperature   of  89     .         „  '  •  ^. 


.273  '    ' ^T' 


4r 


The  tot^l,  cool  frrg*  load  for  the  building  is  calcVilated  to  be  18,621  • 
^Biu  per  hour-.   .This  low. cool  ing  "load- Is  a  Result  of-l_dw  Se?ign  outdoor 
temperature  in  fort  Cofl ins, -Sg' °F,  and  a  building  wMcVis  insulated'  ,  *  " 
properly  with  shading  over  windows.-  -The  values  used  apply  for  average 
summer  conditions,  and  it*i^s  like'iy  that  cool  ing  -loads  for  "days  when 
•  temperatures  reach, 95      will  require  grafter  cooling  capacity.    If "the  'air 
cdnditioner  is  operating  24  hours  per  day,  even  for  these  days-,  l^he 
temperature  excursion.inside  the  building  shoi^d'^not  be  large^  ^ 

^    Based  on  a  cx)oling  load  of  18,621  Btu/hr,^  a  temperature  difference-  * 
of  14  °F'and  aJ|Dve  grade  floor  area,  the  overall  heat"transfer\coefficient 
for^^he  buildin^is' 0/64  Btu  pfer  hour  per  square  foot  of  fTpor. space  for 
each  ^F^temperature  d'ifference  between  design  outdoor  and  indoor 
temperatures.-^^     •    .  4       •  '  , 


r 


4 


4  ^ 
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^'  ^ol^\\^^2  floors:^ 
pilis  M82  ft?- Base,  ' 

•     3  2  60  .  "\ 


Colonial »twp''Story  vyi'th  all  the  Pieces-  '  T 
,  sajfy  siSip^and  luxury  for  a -larye  or  J 
\rowing^amity  •  Four  Bedrooms  and  *  ^ 
'  Two  Baths,  on  the  Segond  Floor  • 

Large*  Entry  J^ith  *C^en;Stairway  '  •*  jl 
•  Spacious  Living  Room   •  frormal  Dm- 
ing  Ffoop '  •^^fU-JShape  Kitchen  i^ith 
Eating^  Spaced     Family  floojn  With 
Fireplace  Located  (^ext  To  Kitchen- 
;  •  '^Full  Unfinished  Basement  •  Two  fj? 
rCar  Garage  Paneling* 


I 


■   '•  V       Fig4''e,5"-1/  Example^Residentfal  Build.ing  '  .»*  •  ; ■  .  .  .  . 


ERIC  ^ 
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/igure  5-2 


^  D.  ^opoftd  Conitru^fion 
^  O  tM^f  Conttrudion 


OESCRIPTION  OF  MATgRIALS  no.. 


HI  Nt.  M-ROOU 


Off. 


^Aofigogor  or  ^pontor . 


CcM^Arodor  or  Bwldfr  tUrtyn  Hftiw»« 


_Ur  


tN$TJtUCT»ON$ 

1.    F«r  •^UoriA]  inlonr^Mon  on  ho«f  thl*  fomt  it  to  b*  ffvl^li*<, 
r       copltt,  tic.         Utf  irtitrucUoni  irp{ictb3i  to  th«  FKA 
AfipUctbon  for  MoftMt*  Intwrwtc*  or  VA  R*(^st  fof  DvlvimuwUcn  of 

•ho«r.  «n  t>v«  drtwinn.  by  rBvtt/\i  en  I  in  ttch  tppfopvuit  ch«cJi1boa 
•fid  apUH/if  Ov*  in/ormauon  ctil^»d  fof  in  f«ch  tptct  .  If  ipto*  it 
ln*At^ttt^  *ni«r  rrutc."  w>6  d«t^itbr  ivKWr  llm  77      -on  tn 

ttUcMf  rf>ML   TVff  USE  or  PAJNT  CONTAJKING  MORt  TllA^  rrVC' 

mnxtor  orrs  pirowt  izao  dy  tnaiTu  >'>wincBTLi> 


I.  IXCAVATlONi 

«Mrt«>f  toit.  trpt  ^J:  Clfly 

r  FOUND ATlONIi^ 


d^?^  m^ui^j.  c»n^o«  bm  cvn.Kte.^  .p^ncfcllr 

J.  ^lu^  titMNnt  f««iifv4  «l  \h«  9nd  f (  Out  fd»»n.  4 
^liS'riS;^'^?''  Ot^npi.o«  of  U.,.n.„  ^  .wi,<iu.  JUaIS?  p". 


1^ 


1^ 


liAMlntM  M«>Mt 


Riinfercfhi  . 


sue  plitii 


see  p;tn< 


iMAdAiMin  v>>..>ird  screen 


AddlL»w\Al  Ufo9matlen 


CHJMNrrsi 


rUjf  Uninc  mAwrUI  . 
Vf»u                  tut)  (J*  o<  «ii  hcMrr  . 
Addilton^  iAlbrm«l«on      ^     ^   ■ 

^fP*'  IS  □  |M'bumiA|.  □  cli«yUl«r  f  wi/  «W  ntt)  _ 


^HmMT  ft«M  tlM   '  ft*' 


firrpUor  Awr  •a<^        9'-*   I  -D^ 


IXTttlOK  WAUli 


wood  '   ,   -  Jp, 


Mmwy'  □         Q  fi^ctd  □  iiwccMd:  tout  Wtti  (hKl 


£A»rW  pdrainf  mAifrul  .     ^Jpnaf  Blair  »*t»rior.  pftiftj  ■ 

riobt 


C— crrw  tli^lp  bAtcmciii'1Udf.*Q  ftm  floor.  Q  grouivd  luppomd,  Q  »«lf  Wpynfi^,  mta      S   f  ok 


^jMfrW  »M  iprtW*  ;  J/4''  tWHg  ^^TirifeiV 


-■«rp*>  CD 


;  Hook* 

Ot«M 

— J   ■  

r 

—                  '                        *    -  * 

Afik  iMT 

 — n» 

.276  <^ 


DCSOUftlON  Of  AliATERlXlS 
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Figure  5-2'  (continue^ 


OESCWPTION  Of  MATWJAU 


f »  rA«TmOH  FlAMlNOt  ^  "  .  ' 

,  ««od.  A^tf  <prc(0  _JL£  fnmr  fir  a  ^  7Yi  i   ?d"  n  r  OiMr. 


J«(fi»:  wMd,  p%4t,  •Md  tpmm  - 
It.  tOOf  nUMJNOt 


RjVn*  wMd,  |r«4«,  aa4  ip«ci«_ 


11  KOOflNOi 


45  °  pitch 


nwMM|.  miitflai  .gaiv,  «atai.i 


IS.  ovrnu  and  downspoutsi 

Owtwn'  mjicrUJ  gj^y. 


A4(l!llo«viJ  UJbmution:  :  


14.  UTH  AND  KASm 


Vti|Ki  or  dikkacM  ^ 


 textmc  


IS.  DCCOtATMOt  ffo/Af,  wof/p<i^,  t^J 


Room 

(1)  nrim^  /?(?)  c'aft-ta  

11  II 

ti 

'  (1)  -coat  rubier  ha^* 

 :    

■     *   >ai  

14. 


'  KidnhnA\  \j)fotmn]on         apgllca  Only  tn  fini<>i»H  flr*«»   (t^^  rt^nt) 


tKnatOft  Dooxs  and  TXIM; 

DMn.  type  yfQQO.  fj^USh  v 


   T,  — - —  — .  ■  ■■■lOgany  . 

tfim  ,typ«  §■  line  rjrut4fUiyhl ra  pin* —       npA.  llat       ,  Mwui .4^)^44^.^ 

^  Fill,  (g)  cniM  iri1n<^  ' (D  pru.,  (3)  fni^.i':;^ 


17. 


OOwf  trim  (tkm,  ijpt  *winHr>uf 

A^iWfui  i«txmii|o*»'    clffirr  rfnnft — gi/^i-ii        fold/louvoroi  ^  h  ^  ^  

W1ND0WI:      *      c       "     >     .General  Aluminum  Corp,  tartan     tel.  3*2i -431 6 

WWtm  typt.  sliding  "«^-5criej  -WO  wulcml     ttluiwifnw  ;  »4**i  ihKk.»e«. 

Tn«:  lype      '  .  iMirml  

WcAiSmiripprng :  type . 


I  MimOCf  CO«4l. 


lAjcmcoi  «»tftd(7wi:        -  gliding 


,    K««eO    ClOtll  it^t^^l 


,  fcrMM,  Aumbrr. 


iMdiilaiMi  InibrmMon 
It.  INTKANCfS  AND^IXnUQIt  DtTArU 

-  OOtrr  mtr«nc<  doof>.  )m*t«fUl . 


select 


Fit 


■  rMiAK   52^'      .Uuctiiwrl   3/^"  Fr.m«.  m^i^i  '     "  >.  «*  ■ 


WMihminppi*!'  type  ., 


.  wddUa. 


CowMiuiUa  Mom  «a4  ^tcrtM  doooy>tKKkA«ii  ^*  •vmUr,..!..  icrwa  ctodi  m*un«l  jfi^  I  " 
fhwMm  D  Wftfid.'  □  iUiA   "  ,  Auto  If^rm  - 


CAitNm  AND  INTUIOJt  DHAilj       Honuftctured  b/  Alpine,  cabinet  see 

>0Ck.M4  M  Ipluk  foraiea  XtaiAV^^kU^  ur^r^  gy^n  ^Inyt 


. .  Mmbor  coiu  , 


MMtrW 

fir  i 

.2xx2 — : 

^lil  

Ai*e'   '  * 

ERIC 


,  -Si:?' 


5-26  "  ^ 
Figure  5-2  '-t continued). 


i 

• 

4f 

KJvKr*  . 

Anastron?  or  pqiMl      •    «                '  * 

— T— 1  

ruh>b<c — 

— 

entry 

•  t 

other 

CarpcL  CfinMhfrf  Irrn^  nniy)  ('<ao  attachoJ) 

pi^  

1 

HlMVT  * 

 Ji::  

 — 

 Wli  

\ 

per 


farrvt* 

•  fifTV»«  l»«<riWAtt««  No 



1 

>^riggt  : — 

1 

Anur»  Standard  ' 

— IW-^  ^  

SlQ07,pg6  '  ^  

'3U33  r 

— 10"  Diti 

ite — 

«*  ■- 

 J-J 

KohlT   

aatij  (^8  ^  p 

■^r*iBt  

3000  

-  30x(^0  

 1— 

Sufl  »}w«v^ 

LAundrjr  ir«ri 

1 

•                       •  * 

0<niJ«  rod  Doof      Q  SKowrr  p«A  nuicri«i_ 


IUm*  dfxip  O  c«ji  iroft,  JD  tJ*,  Q    Houte  w^tf  {owUid<)  Q  uu  «ro«.  O  •***<»  ^ 


^     7S  g  fp>t  IW        Si^rvff  uAi  m«uruf  g!?««  Lined  

MTrlor  Qf  I'^^'^'y  oompAAr.  O  >S  pet  - 


#j       ftti\»g.  df>>n»l^fWKlidLi»  ]^  iMrnvf^^.  [J^imIu^  aewtr.  ^  dor  5^p  p^mp,  nuX<  «nd  model 

/Jj  Ho«  wucr/  O  S*"'w    D  Vtpo/    p  Oi^pipi  rr>*Mn<  iQ  T*«.p«p^  •f;itcnu  '  / 

P  1      —    D  CoD**aooL    Q  ft*Mbo«{^  nwluboa.    MaIc)  uwl  mod«l  

_lLadMAt  pA^d  O  Roof.  O  wtll,  O  eating,    ftati  tmi   mticrul  ■   

D  CtrrvUior    Q  Rctura  pumph    MaJk  model 
-  ledcr  ajvi  msd«i  J^I  f^  ^tpvt 


_  B(uh  .  fKl  niinf  . 


FuTMO*  mile  *nd  mod^  . 


J' 


O  lp*Ct  hMKr.  O  ^OQt  TiKnMt.  O  Will  hcAtW      It'put  ^  . 


Ommk>j;  make  y»d  rypn. 


•fvth-DC*^*  O     D  I".  D  5q  p«- D*****^^ 


rVVif  ■^w(pnMM4«fiiUh«d  «p«rvtfr  Q  Cu  bsim«r.  «Mv«n^  fyp«    Q  Swkar-  hopper  («rd  Q.  bin  fttd  Q 


tJtMrW  >MMl«f  *)%\9m  <yp«tL 


VatUUiiAf  t^uiffMMs  mU«       in«U  «fkd  model  - 
kkdiat  •«h*w«(  Cm  ma^t  i|mI  mad*!  . 


24.  ElCTtiC  WIUNOi 




_ AMri    igp  ■     «J/tMtu . 


.3t 


QOmtMI.  QCUma.  'f^fcufw  tooiWM   fj^nt  dfej^y  " 


 '  -  • 


rERic 


•.27§ 


^OtSCRIPnON  Of  MATERIALS 


±= 


5-27. 


f  1  gun*  5-2  tcon p  1  ude d  )^ 


DESCRIPTION  OF  AAATERIAtS 


4t  • 

•lZ/  - 

\)           ^M?/&H  \JNf  THbUUTTAKl 

• 

rymr 

i 

'  \ 

c   ♦                »  • 

'  ^  ^ — N 

„  Privacy  lock  JL  mjUrr  hr^Vonri  M\d  bjrhrpt^>  Vpv#iH    tnrV^         «11    i>nf  ranrr  .1nr>r<   inr<.t.Mn  g 

^girige  doors:  all  other  doorv  p.^sgjpL'--Vnoh^^     '  '  ^  " 


c^.  ^Q^/'i'?'^'  fSlo^t  mo/.no/  o<  mol«.  mo</»l  on<y  gwonhfy  •    InWurft  «nly-rqw.pm«h/  on</  Of^(.'onc*i  which  Of  au»ph 
•bU  by  /cxp/ ti/if^/n  on</  opp/«cobff  fHA  ifondofdi      Oq  nol  in^kAi*  ,Ufn,  ^h,  b^ •irbb/»ihtrf  cui»om.  or.  jupp/.tJ  by 
<  tiCtUpant  on<i^f/no,td  whtn  h»  rocof«i  pr«m«i»i  o/  chott/ti  p^Kbtttd  by  /ow  from  btcomm^  r«o//y;   '  , 


Hood  »  Nautilus. 


-RBE  '353  ■ 


Optional  f^ropUco — *H»auta<qy  >U>k        MgJ^l  3036 


Qptiowi  >fadtcin'j  Cabfcn.^t  R<^a#tft#j  rt<n4'M»J»t  UAL 


J7.  MISCtllANIOUS  (0«ic/ibt  p*^/  mom  J««//<n0  mo/Jjki, 


ijj  vqurpmvnf.  or  <onifrv(hon  iftmi./iof  ihoarn  •/ittwhtrt ;  or  uif  /o  provid* 
^•qwo^t.     Afww;ri  rff«r^ncf  by  i/tm  ftumbtr  la  <Ofrtiponrf /o  nvmbffing 


Pr^vUt  'Hot  ft  oqAJ  wftttf^  — 


-  ^  fOtCHES; 


5ec  plana- 


OAKAOtS: 


flmcher^  tin  pj'ang  ' 


WAIW  AND'  ftWVIWAYSs 

fnmt         mMK  J:3J  mumai    cgnCff  .  iITkWm  Vr>lc«-»tl^    vKlih   miirml .^hiciftot  . 


r 


lAimcAnNO,  PumiNO,  akd^inIsh  oiUdinoi  *         ^  . 

Umm  fMrf"/.  #r  tpnipif  Q  rrwii  y«rd  aoddcd  □   

r  ut^  d»odue^t.     ,  *  uBpcr,       '  -  Cvcrfrttn  irttt. 


.IAS 


i'lMimncATioif. 


, .  fll^A  ^cflw  iOO((  ._«•' 


* 


1^- 


,  HEATING(  WORKSHE^r 
for  Example  Buijding 


BUILDING  SECTION 


BEDROOM ^ 

^  "  SojjtVwall 

East  wa.1|   •  ' 
^     Windows  ^2').  . 
•    Infiltratjon , 

•  BEDROOM  2        '  ^ 

^&asrt  v/all  • 
North  wall  ; 
Window..^ 
Infiltration 

p/vfyROOM'  ^ 

Tlorth  wa  1 1 
Window 
lafiltrati^qn 


BEDROOM  3 

West  walT,      '.  [ 

•  Window 
Infil  trat4on 

« '  ■  ' 

*eEDR0OMM     HALLWAY  . 

West  W4.1]  ' 
,  *  S^uth  wal  1  * 

•  1  Wirtdow. 

*  -  Infiltration, 

UVING  ROOM  • 

South' wall 
Dopr  :  * 

/  ^ '  Window 
^  -  East  walV      ^  \ 
Infiltration' 

•DINING  ROOM  .  >. 

East  wall      ♦   *  ' 

•  ./  North  wall 

*.  Inftltration'  ' 


•SIZE 
VOLUME 


•NET 
AREA  OR 
VOLUME 


■  /  (15+3h8, 
13.5x8 
3x4 

?/3xl5xl'3;6x8 


\ 


'  14x8 
•  11x8  ■• 
3x4 

•2/3^11x11)^8 


8x8 
2x2  , 
3/4x7.5x11x8 


12x8  ■  • 
10x8' 
V  3x4 
2/Jxl0xl^x8 


/    16x8  . 

14x8 
•.'2x3x4  ^ 
2/3x14x16x8 


I. 

•  120 

108 
.  24 
1088 


112 
"76 

■  '12. 

,645 


;  60 
.  4 

.^95 


80 
.12 


.    32xg  ' 

'  4x8- 
•  13;  5x8'  * 
2/3x19x13.5x8 

"•    '  ■■    -  -Is- 

."*'l3;5x8 
>  .  llxB  Z^" 
l/3j(llj(l-3.-^x8 


128 
88 
24 
'119^ 


203 

•  .21 
.  32- 
.108  , 

1368^ 


.108 

88' 
-  396  .  > 


U  : 

COEFF, 


.07 

.07  ~' 

,50 

.018 


.07.  \ 
.07  . 
.50 
.018 


.07" 

.50 

.018 


.07 
.0? 
.50 
.018 


.07  . 
.07 
.50* 
y018 

.a7 

..07; 
«-'.018 


TEMP. 
DIFF. 
[68-(-9)] 


.07  . 
.07  '. 

'  »018 


77 
77 

•  77 

•  77 


77.  • 
77 
77 
77  . 

\ 

11  ■ ' 
11' 


11 
11 
"77 
77 


77 
77 
'  77 


77 
77 
77. 
•7,7 
77 


77' 
77-. 
77 


HEAT 
LOSS 


647 
282 
924 
1508 


604 
410 
462 
894 


323" 

154 

686 


453 
431 
462' 
887 


690' 
474 
/S24 
1656 


1094. 
'  .420 
.■  1528 
.  582- 

1896  ^ 


582 
•  474 
549 


> 


Figure'S-a.Hcontinuecl)  ^\ 

HE^\TING  WORKSHEET 
/   '  for^Examplei^ufTding 


* 

:    BUILOm^  SECTION. 

— ^"^"^  ^ 

.   '  SIZE 
VOLUME 

.  NE-?-^  ■ 
AREA  OR 
VOLUME 

1  

'  coeff: 

'  JEMP.- 

4)1  rr: 

[6'8-(-9)] 

HEAT  . 
•  LOS^ 

TOTALS 

i>  7 

KITCHEfj,  BREAKFAST 

'  North,  wdl  .     /  '  * 
Wfndow           /        ;  • 
Window                     '  * 
Infiltration 

> 

18x8   •  • 
2.Bx4 

1x18x11x8 

122  ■ 
,  10. 

12 
■1584 

:o7 ' 

.50 
.50 

7m. 

77  • 
77 
.  77 
77 

657  ' 
385  ■ 
„  *5462 
2195 

,  3699 

.  FAMILY  ROOM  //-x  ' 

■/ 

* 

> 

'  Nc^rth  wafli  '  j    k  , 
Patjo  door*^-^,  A  * 
•  *  -  wes  t  wa  1 1 
,  '   South  wall 

1  III  1  1  Ui  a  u  1  Uil  .  . 

•    21,5x8.    .  ' 
6x6  ' 

22x8 

136 
36 
10^ 
176.  • 

HO/0 

.07  • 
.'58  . 
.20  • 
.52 

"77 
■  77 
.  77 

38  - 

77 

LI 

733 
1608 
1602 
3478 

IJ/.OO 

.HALL             .        •    .  • 

/ 

West  wall 

Infiltratiort           :^  \^ 

17x18  ' 
1x8x8x17' 

136 

...52 
■  .018  ° 

38 

77  . 

.^687  " 
'  1508 

4195 

BASEMENT  '     /  • 

y. 

f<orth  wal]. 

•  West  wall       .       ;  /  . 
.    5outhr  wall*  -  ' 

E^st  walj^  / 

*  Floor  ^    .                .  y 
FlocPr  , 

Infiltration  ^       .  , 

'ceiling 

"  54x8 
:  -  28x8  ' 
.  54x8 
'  28x8-, 
32x28.' 
13x22  •  ' 
1/6x54x13x8+- 
1/6x15x32x8 

432 

'  224 •  , 
_432 
224 

286. 
1576. 

,10  ' 

.10 
■   ;iO  ■ 
'  .1(3/ 

;10. 

.40 

■  .018 

f  ' 

'23 
23:  ■ 
23  ;  ■ 
23  . 
23 
23 

n 

994  • 

.  -  515  , 
994 

•  515 
^061 
658 

2184  _ 

*  « 
7921 

1  , 

i  ' Second  floor 
• , .     Farrfily  room   -  ' 

'^3^x28 
•    13x22.-  • 

— 1— :  '.  !  « 

896  * 
'  286 

■  '.  04  ' 
.04.^ 

1 

t.  J- 

77  \ 

n  ' 

.  2760 
'  681; 

3641r 

F'tgure  5-4  .  -v. 

•    i  ■ 

-  COOLING  WORKSHEET  *  '  '■ 
for  Example' Bui  Id iog 


BUILOIKG  SECTION 


SIZE 
OR 
VOLUME 


— ^ 
NET 
AREA  OR 
VOLUME 


.U 


orUNfr 
^  HEAT' 
GAIN  ' 


DDT 


HEAT 
GAIN 


BEDROOM 

Soutfi  w^l 
Eastf-walV 
Windows  south 
InfWtratlon 


,M  2 


BEDROC^ 

East  wall 
Nomth  wall 
V  Window 

;Inf  11  tr^tion 

BATHROOM        \  ' 

r  fiorfh  wair/  ^  ^ 
Windov^ 
•  *    Infiltration  . 

BEDR0dM\3 

North  wall . 
W^st  wall  ^ 
Wirldew^  ,  *    '  .  ' 
Infiltration 

>^bROOM  4. and  HALLWAY' 

.South  v/all 
.Window    ,  / 
\  ^  InfiHration, 

^  LIVING, ROOM     >;  .  .  ^ 

'  SoOth  wall-,  ■  ^  .-. 
;  Door 

Wijidow  . .".  ■ ' 
,.  .East- wall  " 

Infiltration-  .  . 


18x8 
^  13.5x8 

,3x4 
1632 


14x8 
11x8 
3x4 
§68 


-  2x2 
660 


l?x8 
•  10x8 
^  3x4 
96Q'" 


•'•  DICING  ROOM 

East'v/al'l  '\' 
^  .North  wall  / " 
ft"  '.  'Infirtratld'n 


16x8. 
■  "i4xa. 
3x4 
L792 

'  32x8 

•  3x7.  ■ 

•  "4x8  ■ 
13.5x8 

.'2052 


•13,5x8 
•  .11x8 
,  1188  , 


120 
108 
24 « 
816 


112  ■ 
■  .  76/ 
.  12 

484 


4  • 
660*' 


.07^ 
.0^ 
2t- 
.018 


.07 
.07 

27 

.018" 


203 
2-1 

id8 

•1026  ■ 


88 
'198- 


'■.07  . 
.  27 
.018 


.07 
.07 

■.018 


.07. 
.07 
27 

.018 


.07 
.47. 
21  *. 
.J5  . 
.018 


.07, 
.07  ' 
.018 


19 
19' 

14 


19 
19 

14 


19 

* 

14- 


19 
■19 

14 


19- 

■15 

14- 


i9 
19 

11- 
14 


19  ' 
19  ■ 
14 


16a 

/  648 
205 


149 
101 ' 
324" 
122  . 


80. 
108 
166 


112 
•106 
324 
121 


1-70 
117 
648 
226 


270- 
188 
'  672 
,  178 
258, 


144 
fll7. 
50 


Figuji  5-4  (cQptfnued)  •  ■  . 

COOLING  WORKSHEET 
for  Example  Building  " 


BUILDING  SECTION  -  .  - 

SIZE 

,  NET 

Jor  UNIT 

DD 

T 

•  •  HF-AT: 

•TOTALS 

•    OR,  , 

AREA  OR 

HEAT 

;(^iN  ^ 

VOLUME  " 

VOLUME 

GAIN 

- 

KITCHE.N,  BREAKFAST    \  .  * 

North  wall                ,  ^ 

184'8 

07 

.  19 

- 

Windows 

22 

27 

•iisaf 

.Infiltration 

1584 

1584  ^ 

•  .918 

14 

399 

FAMILY  ROOM      '  ' 

* 

North  wall 

• 

21.5x8, 

« 

136 

07 

19 

.f  RO 

West  Wall  'A 

13x8- 

104 

.20 

•  19 

395 

• 

-   South  wall  -  1 

*      22x8  • 

176  . 

.52 

7  • 

640- 

•  Patio,  door          /A  ' 

'  6x6 

'36 

21 

756  • 

•  - 

Iilfiltration      '  \* 

2288 

-.2288  ' 

.  .018. 

14 

.  577 

2548 

iHALL      .  •     :,  ' 

West  wall  r 

17x8 

'  136 

■  ;52 

4 

7 

495 

Infiltration  * 

1088 

1088 

..018- 

14 

274 

769 

CEILING         *  ■ 

> 

Sfecend  .floor 

.  32x28- 

896 

.04 

39 

1398 

Eamily  ro6m.  .        „  . 

■ 

'  13x22 

286  ' 

.04 

39  ' 

446" 

•  1844 

.       ;        •   TOTAL  • .  •  12224 

4  occupants  x  225         '  -  900 

'  .  Kitchen' Appliances  '  ■•  1200  1 

Total  SensiKirHeat  Gain  T?324  7 

^*    Latent  Heat  Gaire  {30%xl4324)  4297  /; 

Latent  +  Sensible.  Heat  Gain -18621  / 

Cboling  Load,  Btu/hr  18621' f 


No  load- Is  cslculated  for 
^  basement.    No  credit  for  ' 
cooT  basement  taken. 
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•Tab^e  5-1.    Surface  Conductances  and  Resistances   p  „  - 
■  for  Air  Films ;/Conductance-Btu/(hti)(,ft  )(  F) 
Resistance-{hr/)(f-t2)(0F)/B.tu  ' 


^WINl 

FER 

SUMMER  . 

'    ITEMS  ■ 

'     7    :          ^  . 

1 

1 

•■     f.  • 
1 

Ri  . 

  C    J    '  ■'  

liiltKf.UK  ^uKrALto 

Ceiling 

.63 

'0.61 

1.08 

0.92** 

•    Sloped  ceiling  -45^ 

1.60 

0.62^ 

"1.32 

0.76* 

WalTs  and'  windows 

] 

.46 

0.68 

1.46  " 

0.68 

Floor  1 

1 

] 

.08  ■ 

0.92 

J. 08 

•  0.92 

•  EXTERIOR  SURFACES 

'Roofs,  walls  and  windows 

( 

5  00 

4.00 

0.25'*' 

♦feat  flow  direction  reversed  from  vfinter  conditions 
15  mph.wind 

7.5  mph^  wind  .      ^  \ 


5-^.    Resistance  Values' for  Air  Spaces 


(hrXftO^F)/ 


WINl 

FER'    ■  * 

'SUMMER 

ITEM 

\^Ain  Space- 

3* 

4" 

■3/4:'" 

.  '  Flat  Roof 

:  1. 

D2 

l-.f2 

0.§7  • 

0 

0.94  ^ 

• 

'    *'.  .  Wall     ,  : 

•  .1 

28- 

1.16 

1.01 

,1.01  , 

•  * 

• 

9 

» 

r 

/ 

tu 


ERIC  '  • 


•    '  XL 


0-00 


Table  5-3.    Resistance  Values  fo'r  Building  Materials 
(br)(ft2)C0F)/BlHJ  . 


TYPE  AND  MATERIAL 


TYPE 'AND  MATERIAL 


BUILDING  BOARD 
Asbestos-cement; 
Gypsum: 
Plywood:  • 


Insulating  Board 

Regular  ^  ^  _ 

Laminated  Paper 
.   Acoustic  Tile 

Hard board  * 
Particle^Board 
Wood  Subfloor 

MASONRY' , 

Concrete  '  ; 

»    Concrete  Blocks., 
3  oval  core 
■    Sahd  and  .Gravel 


1/4'i 
•  3/8" 
1/2" 
1/4," 
3/8"  , 
-  1/2" 
.  3/4" 
?5/32" 
1/2" 
3/4" 
■  "1/2" 
.3/4" 
3/4" 
•5/8" 
3/4" 


-^C]in4er  t 


.  *  Qon'C r^te  .slocks', 
.   2  rectV  core  • 
Sand  a  lid  travel 
^^l^,.     Lightweight-  , 
^omjiori  Brick;. 

Face  Brick  ' 


BUILDING  PAPER 
.  felt 


6  8" 
10"' 


4" 
.8" 
12"' 
4" 
8"- 

4-" 

8". 

12'-' 


0.03' 

0^396- 

0.32 

0.45 

0.31 

0.47 

$.'62 

0.  93 
2.06 
1.32 
1:50 
1.25 

1.  'BS 
ff.92 
0.82 
0.94 


*D.48 
0.64 
.0.,89 

0.71 
l.li 
1,28 
1.11 
1.72 
.1.89 
1.50 
2.00 

2;27 


SIDING 

Asbestos-cement 

Wood^hingles,  16" 
■    yJood  bevel ,  1/2  x  ^ 

Wood  bevel  3/4  "X  10"^ 

Wood  plywood,  3/8 

Aluminum  or  steel 

Insulating  Board:.,' 
-  .      3/8"  normal  .       "  . 
3/8'.'.  foiled 

FINISH  FLOORING 

.Carpet  and  fibrous  >p>ad, 
-Carpet  and  rubber  pad  ■  , 
•Cork  tile,  1/8"  • 
.Terrazzb,  1".  ' 
Tile,  ^asphaltf  linoleum, 

yinyli,  rubber  /  • 
•Hardwood  • 

INSULATION  ^  ' 

.  Blanket  and  Bat$:^-2  3//!" 
.    •    '  3-3  1/2" 

'         '  5.1/4-6,.:l/2" 
L'oose  F'jll  . 
.  .     Cellulose,  "per  inch 
'Sawdust,  per  inci) 
.Perlife,  per  inch  - 
Mineral  fibre* 
(rock, "slag, '■glas's)  3" 
•"  '.4  1/2" 

6  1/4" 

7  l'/2" 

Vermicul ite, .per  inch 


8" 

1.04 

8" 

2.18: 

ROOFING 

/■2" 

■  0.40 

4^.  • 

0.80 

Asphalt  • 

0,22  " 

-  Wood' 

4" 

0.44 

'3/8"  Bui-rt-up  ■ 

Woods:  oak,  „maple  per  inch 
*    fir,  pine,  softwoods 

0.06 

per  inch 

...       .           _  3/4" 

285 


f 

,1 


TabVe  5-4. 


•U' Factors  fol^ Windows 
Btu/(hr)(ft2)C0F) 


id  Patio  Doors 


'    '       '     '  DESCRIPTION). ' 

WINTER 

SINGLE  GLASS 

^   /      /         •.     ,  . 

Metal  sash  ' 

Wood  sash,  80%  glass 

J 

1.13  • 
0.D2 

IbOUBLE  GLASS: 

t 

'  '     i/4»^Air  Space 

^Meftal  sash         ^  ^ 
'Wood  sashr  805^  glass 
^Wod'd  sash,  "69%  glass 

'  XfV  Air  Spacfe 
'     >    ^   Metal  sa'^h 

Wood  sash,  80%  glas% 

0.65 
,  0.62 
0.55 

1 

0.70 
0.49 

'  TRIPLE  GLASS     "    "    .      '         i~  ' 

1/4"  Air  Spa£g 
Metal  sash. 
Wood  sash,  80%  glass 

0.56 

r\  AC 

STORM  VJINDOWS  •  . 

^                    ■  . 
•  '    1"  /to  4"  Air  Space  ^ 
Wood 
Metal 

0.50 
0.56  ■ . 

SLIDING  PATIO  DOORS 

•Single  Glass  ' 
'Wood  frame* 
Metal  frame 

•  1.Q7 
1.13 

Double  Glass,  1/2"  Air  Space 
Wood  frame 
Metal 

0.58 
■  0.64 

•     Table  5-5.  -U  Factors 'for  SoHd'-Soors  • 
.  Btu/(hr)(ft2){C^f) 


THICKNESS  (IN) 

^                 •         ,  § 

"  ■  ^    '  IWINTER 

•  .  ■  SUMto 
,  WITHOUT 

■  WITHOUT 
STORM  DO'OI^,  " 

■    WITH  STORM 
DOORT,  50%  GLASS 

• 

t 

^  ^ 

•-WOOD 

META& 

.   STORM  DOOR 

/     ,,0.64  ■  •■ 

'  030 

0 

-  0.61 

'  1  h 

-  ,  *:o.55 

:  0.^8 

*  * 

0.34 

0.53 

0..49 

'  0.27 

t 

0.33, 

•    .'  '  ^.'^^    '  . 

^      .  2 

.0.43  ^ 

0J24"' 

 r  '—^ 

0'.  29  • 

->  < 

\    ',-.6.42'  - 

i 

Tab! e^5-6.%  Air  Changes  for  Average  Residential  Conditions 


.KIND  OF  ROOM 


/^IR  CHANGE  PER  HOUR 


WI^ER  ^ 


SUMMER- 


Room  with  rto  windows  or  exterior 
'  doors     ,  '  »  '  '  ~ 

•  * 

V  Rooms  with  windows' or 'exterior  I 
doors  on  one.  side*,  i    ,  [ 

Ro.ojns:wfth  windows  or  e*xtertor« 
^  doors  on  two  sides' •  '  - 

.Rooms' with  windows  or  exterior 
doors  on  three  ,si»des  . 

Entrance '.ha-l Is  and  air  locks  * 


.  1/3 
2/3 

« 

'*  '  1 


1  1/3 
M  1/2 


a/6 

1/2 
2/-3  • 
1 

sir  .. 


'O' 


Table  5-7 •    Design  Equivalent  Temperaturei  Differences  T^F')  . 


DESIGN  OUTDOOR  TEMPERATURE 


TEMPERATURE.  RANGE.  DURING.  DAY 


WALLS  AND^  DOORS 

I    Wodd.frame 'and' doors 
Masonry  , 

CEIblNGS'ANo'ROOf  ' 

Under  vented,  attic, 
'dark  roof  »  ;* 

Bui It-ap  roof  (no  ceiling.), 
ligj^  roof  t  • 

FLOORS 


ver  unconditioned  rooms 
lind-' open  crawl  space  " 

Over  basement,  enclosed 
crawl  space 


85 


15-25 


14 
6 


34 


26 


5 
0 


1^-25 


-  24. 
i  16 


44 
56 


15 

0' 


>25 


19' 
.  ^11 


•39 


"  31 


i 


.  la 
'  0 


105 


2-9 
21 


49 
41 


20  ' 


k  « 


^  > 


3     \ ' 


er|c/ 


V 


y  ■ 


J' 


Table  5-^;.  Design  Heat  Gains  Through  Windows 
Btu/(hr)(ft2) 

♦  .  V 


HflThnno  nCCTPM  TrminrnAxiinr 
UUILKJUK  ^UJbbibM  1  LMrtRATURE 

 = — — V  ^ — 

SINGLE  PANE 

•  DOUBLE  PANE 

1  nc; 

oD 

yo 

1  nc 

NO  AWNINGS  OR  INSIDE'  SHADING  - 

\ 

North    *  » 

Co 

01 

oo 

1  Q 

9/1 

90 
CO 

Nortfieast;  Northwest 

56^ 

64 

71 

46. 

51 

55 

tast  and  West 

sr 

89 

96 

68 

"  73 

77' 

Southeast;  Southwest 

70 

78 

85 

59 

64 

'  -68 

'  /  South 

40 

48 

55  . 

33 

".'42 

WITH  DRAPERIES  OR.  VEN.  BLINDS 

* 

North 

1^ 

1  'J 

ou 

1  0 

1/ 

91 

Northeast;  Northwest 

32 

40 

47 

27 

32 

36" 

'I    tast  and  westf^ 

•48 

56 

63 

42 

47 

-51 

/     Southeas-t;  Southwest 

40 

48 

55 

35 

40 

44 

il  South 

23 

•31 

38 

  y 

TO 

25 

29 

•ROLLER  SHADES,  HALT  DOWN 

*  t 

North  - 

18 

C  U 

y 

1 

JL 

9A 

Northeast;  Northwest 

40 

48 

55 

38 

■  43 

47' 

tast  and  west 

61 

69 

,  76-' 

54 

59 

.  <53 

Southeast;  Southwest 

52  '- 

60 

67 

46 

51 

.  55 

■  South'*      ^  ' 

29 

37 

■44 

26 

• 

32 

36 

AWNINGS    '1                 .  " 
>  • 

North 

20 

28 

35 

13 

18 

22 

;    Northeast;  Northwest 

•21 

29 

.  36 

14 

19 

23" 

,  East  'and  West 

22 

30 

37 

14 

19- 

23 

.  '  Southeast;  Southwest 

21 

29 

36  . 

14 

■  19 

.,23 

South 

21, 

28 

35 

\ 

13' 

18 

•  22 
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Table  5-9.  Shade  Line  Factors*  ,  '  ..^^ 
^    •     *    ;.(5  hour  average,  1  August) 


• 

LAT] 

TUDE 

WINDOW  ORIENTATION  V 

25- 

30 

35 

40 

45  ' 

50 

 f  r  

East  and  West 

o/s 

,  0.8 

0.8 

,  0.8 

o.g 

0.8 

Southeast;  Southwest 

1.9 

l'.6 

1.4 

1.3 

1.1 

l.'O' 

South  '                '  ' 

10.1 

5.4 

3..6 

2.5 

2.0 

1.7 

f  " 

*   Multiply  shadf  line  factors  by  width  of  overhang  to  determine 
/shadow  Ivine  below  overhang.        ^  ^ 


TRAINING  COURSE  IN 
'THE  PRACTIc/l  ASPECTS  OF 

design  of  solar  heating  and  cooling  systems' 

for" 

-  residential  buildings 


/  '  MODULE  *6 

SIMPLIFIEU  DESIGN  CALCUI^ATIONS 


SOLAR  ENERGY* APPLICATIONS  LABORATORY 
COLORADO  STATE  UNIVEi^SlTY  ' 
.  FORT  COLLINS,  COLORADO 

t 


INtRODUCnON 


TRAINEE-ORIENTED  OBJECTI-VE 


To  conduct  a  preliminary  design  study  of  a  -solar  heating 
system.  ' 


SUB-OBJECTIVES  .     -   ,  .  . 

To  put  into  practice  the  preliminary  'design  methods  presented 
during  previous  modules.     '    .  . 

PROBLEM  1      '  .      S         .         '  ^ 


We  wish  to  estimate  tbe  size  of  collector  array  that  shou 

\  ♦ 

iised'to  provide  appro^mately  75  percent  of  the  space  hea/ting 

seryice^hot  water  loads  a  house^'fqr  which  the  heatlo^d  has 
determined  to^be  17200  Btu/chegree  day..  The  bouse  is  to  b^  bui 
your  location.    Us*e  the  Huck-Wron  method. 


PROBLEM  2  ' 

Now  assume  that,<throligh  conservarion  rfieasures,  the  heat  1 
reduced  to  15000  Btu/DD.    Repeat  the  calculations 


PROBLEM  3 

Repeat  Problem  1  using  the^alcomb-Hedstrom  method 
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7-1  . 

•    ■  .  •  tNTBODUCTION 

TRAINEE-ORIENTED  OBJECmE    ,     •  .  '  , 

The  objective  is  to  understand  and  utilize  detailed  performance  \ 
estiniation  techniques,j£QiL.the  determination  of  system  performance. 


/ 


SUB-OBJEGTIVES  '  '  /  ^ 

At  the  end  of  this  modifie  the  tra-inee  should  be  able  to  describe, 

explain,  and  li'tilize  the  Duffie-Beckman-Klein  F-Ch^rt  procedure  for  the 

design  of  sdlar  heating  systems.     ^  -.^  -  ^ 

The  simplified  design  techni/qfrfes  presented  in  Module. j$  are  not. 

usually  adequate  for  final  design  purposes,  because  th¥^coTlectoy"~' ^ 

performance  is  not  adeqi|ately  accounted  Yor  in  those  procedures.    In  this 

module,  consideration  is  given  to  the  design  ^rameters  of' the  collector 

itself  in  determining  system  performance,  and  is  devotetj.  primaf'ily  to  the 

selection  of  the  coll-ectar  array.    The  methods  presented  in  Module  16 

for  the  selection  of  other  components,  such  as  pumpsu  heat  exchangers/, 

>  < 
etci ,  are  valid  for  final  design  purposes. 


THE  DUFFIE-BECKMAN-KLEIN  PROCEDURE  '  ^''^ 


This  material  is  based  upon  th^e  work  presented  in  Reference  1. 
Inthat  paper,,  a  general  tiesign  procedure  for  sol  at/heating  systems 
was  deyefoped  based  ifpon  information  obtained  from.many  simulations 
, solar  heating  systems  utilizing  a  detailed  simulation  program..  Thef 
^  result  was  a  simple  graphical  method' using  monthly  EfV6rage  inet^rajogi.cal^ 
^  data  which  miy  be  used  for  the  design  of  sol^f?^  heating  sy§tem^.    ^  ^ 


7-2 


THE  APPROACH 


■I 


Jhe  approach  taken  in  Reference  1  was  to  use  a  .simu^tion  program  / 
•  '*  *^  .  ♦  • 

to  develop  a  generalized  performance  chaht.    This- generS'li zed  performance 

^}hart  correlates  long^tem  performance  Of  scalar  heating^systems  w?th  • 

system  design  parameters,  building  construction,  and  weathec.    This  , 


*  * 


chart  my  then  be  combined    with  cost  figures  to  provide  a  ml^d  by- 

which  architects  'and  heating  engineers  cSn- detemnirle  the  economic  - 

optimal  design  of  residential  space  and  wat^r  heating  systems.  J 

The  water  system  considered  is  shown  in  Figu^re  7-1.    This  analysis^ 

*  * 

is  applicable  to  systems  using  liquidas  the  transport  medium  and  f6r 
storage.    The  mathematical  mod'els  for  the  sys.tem  Components  that  were 


collector'  wdel  ■  "  ^  ^-  • 

■The4iiethod  of  Hottel  and  Wti1,n  ier  TRef. 5),^was  used  to  model 
the 'collector,.    The  equation  foP  the. useful  e'l^fej-gy -coll ected  is 

•    .  ■  ■      ?  '  -  ;  -  ♦ 

%-\  ^  [H^  -/^S--  Ul  (t;-T^)]>       CP)  Jt^-T-.)  -  . 


(7-1) 


:RIC 


where 
• 


The^  terms  in  this  equa/tfon  are  defined  below: 
P'  =  col  1  ecton  eff1cief\cy*  factor 

A  =  coTlectop'area  * 


thfe-'colJ^ectar 

297' • 


(7-2) 


•6ERVICE 
..HOT 

.  TANK 
:  *  


WATER 
SUPPLY  ■  ^ 


Figure  7-1.    Schematic  Diagram  of  a  Liquixi-Based  Solar  Space  and  Wdter  Heating  System  , 


•  er|c. 


29'sr 


299 


^STORAGE  MODEL 


where 


(7-31 
4- 


=  he^t  edacity  of  storage  '  ^ 


=  storage  Temperature    /  » 

=  space-  heating  lqa*d  *  .  ^  ' 

=  auxiliary  energy  r,equf red  to  "meet  the  space  hearting' 


load 


'w 


=  service  hot  water  heating  foa^d.  •  -  ^ 

^  '  : 

=  auxrli a ry  anergy  required  to  meet  the  ser\(ice  hot. 

•            •                >•  '      »  ■  *  , 

•water  load  A-              ""'I  .  '  / 


V 


=  energy,  transferr.ed  to  storage  tamk  .  - 


v:er|c.* 


s 


0  > 


^  300 
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HEAT  EXCHANGER  MODEL      .     *  •         ■  ^"         .  . 

The  thermal' performance  of  the, heat  excha'nger  ^/as  modeled" 'according 

■,  ■     •  ^  '  ;        .  '  ■ 

to  the  equation  -  .  . 


(•7-4) 


where'      T   =^  tenjperafture  of  water  iti  storage  ' 

^    •  .  •/  K     ,      '  /  ■       ■  •    .       '  ■ 

and  T  "are  the  temperatdces  at  the,  out-let?  of.  tKe  heat  exchanger 
0         1  ^     *  /  ,  -  ^  '    '  \ 

as  indic^ited'on  Figure  7-1.    Thermal  losses  in  the  pipiTig  >/ere  disregarded 

in  the  analysis/  This  is  valid  if  pipes  ar^-well  insulated  and  not' 


excessively  long 

The  eqi 
to*jgiv?  ' 


The  equations  fpr  the'  heat  exchanger  iind  collector  were  coni^lned 


where 


-  (til  Cp) 


(7-5)-: 


■^R  .  ^R 


I  + 


IrfTcpTT 


c 

.^c  ^P^min 


-1- 


(7-6) 


The  term,  F'/Fd  -  is  considered  to 'be  a  "'heat  exchanger  factor";  Its 

•  R  R .    -  ■       ^  '  \f   \  *r- 

value  lies,  between  0  and  I'ahd  represents,  a  penalty  p|(i;a^  for  the  use 


of  the  heat  exchanger; 

'The' term  In  the  s.torajje  inodel,  Qp>  was  then  eVpVessed  -i,n  t^rms  , 
,6f^the  abpv^  relations  according -to  .  '  • 


'  Qn  = 


;F,'  A.,[H,ja;  Ul  (T^^T^)].  ly^] 

■('»'-?p)s'(W-  V'  w 


max 


(7-7) 


LdAD  MODEL 


The'tiouse  heating  load'was  modeled  as 


(7-8) 


where  J^.  is  the  room  tempera tifre  and  UA  is  the  space  heating  load 
at  design  conditions  divided  by-^Wdesiqn  temperature  difference. 
The  service  water  heating  load  was  modeled  by  < 

.    '         "  i 

Q    =  (ifi  Cp)    (T    -  T  ) 
w     ^  '  ^'w  ^  w  m-' 


where. T^^  represented. .the  minimum  ac^'ptatile^ot  water  tempferature  and 
T||| -represented- the  temperature  from  the  cold  watir  supply  li'nes. 


AUXICIARY  ENERGY.  '  '  ■  . 

Tfie- auxiliary  eneVgy  was  modeled  in  two  parts:    The  first 
represented  the  amount^ of^energy  required  for  servke  hot  water,, E-, 
while  the  second  represented' the  amount  required  for  spate  heating,- 
E^^.    These  were  modeled  according  to  '  ,  • 


■E  ,  =  (rfi  Cp)    (T       T  ) 
w  .'^'w     w  s' 


(7-10)  / 


and 


max 


(UA)^  (T3  -  T^)] 


(7-11). 


where 


.W=\^min  f^s  -.V/^A- 
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(7-12) 


The  terni*C  .  represents  the. minimum  of 'the  two  fluid  flow  tapacitSnce?  ^ 
»  min     ^  '  ,  ,  / 

through  the  load  heat. exchanger  and^  is  usually  that  of  air.    The  tarm  - 

e. C" .  /UA  provides  a  measure  for  sizing  the  load  heat 'exchanger. 

m^  n  •  '  ^  i  * 

SENSITIVITY  -ANALYSIS  *  't 

—      -       \  ;  

The  development 'of  th,e  general  design  procedure  for  solar  » 
hea.ting  systems  began  with  an  extensive  study  of  the  effects , of  various 
,^*design  parameters  on'^he  long-term  system  performarfce.  The  sensitivity 
study  indicated  three  parameters  upon  which  the  performance  w?is  highly 
sensitive  whereas  additional  system  paramfetfers »had  negligible  effect  on 
performance  relative  to  these  three  highly  sensitive  parameters.  These 
parameters  are  summarized  as  follows:.  - 

COLLECTOR 'FLUID  CAPACITANCE  RATE       ,  ."^  *        ^    ^  '  \ 

The  product  of  the  mass* flow  rate  and  the  specific  heat  of  the 
transport  medium  through  the  collector  strongly  affects  the  heating 
systeifl  performance.    Duffie  and  Beckman ' (Ref .  2)  have  shown  that  the  ^ 
optimal  collector  fluid'ca^pacitance  rate  is  infinitely' large.  However, 
» the  dependence  of  system  perfiDrmance' on  the  collector  capacity  rate  is  . 
asymptotic  and  oniy~a~STncin  gain  irf  energy  toll ection  rate  is  realized 
if  the  collector  fluid  capacitance  rate- per  unit  area  is. increased  when 
the  collector  flow  factor- (defined  below ]^frxc^,ds  10.   -  ^ 


,  >  (til  Cp) 

F'  =  F '/F„  =    ..    n  rl 


R'^R  "    U,  A  F 


1  -  exp  '     ^       ^  * 


liTpT 


Low  collector  fluid  capacitance  rkes,  tttat  is,  rates-for  which  F' 
.is.  less  than  5,  also  result  in-'reductions  off  energy  collection;  the  » 
.nominal'  value-  for  collector  fluid  capacitance  rate  was  selected  as. 
210  kJ.hr"^0C"V^(10.28  Btu-hr"V°F'^  Ft"^)'for  the  study.  • 
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STORAGE  CAPACITY 


'  \ 
1\ 


*>^n  an  econpuTic^tudy  qf  sot^r  heating  systems!  Lof  and .Tybout -(Ref .  3) 
the  stor-age  tank  capacity  that,  resul ted  in  minimum  cost 


conclude'd 


■  ^olar  lieating  wa.s  in  the.rapge  of  200  to  ;360  kJ/  C' (50-75  kg  of  stored 
vyat^"rf;i>en;.-square  rneter-of  collector  area.  .  i;hat  is  the  equivalent  of 
jallons  of  water  per*  square  foot  of  collector  area.  They 


also  indicated  theit  the  performance  .of^'^olar  hea ting' systems  is  rather 
in^nsUive  to  th^  amounfof  storage  capaq^Kt'hin  thi^gener^l  range. 
These  r|sults^are  valid  si).,  long  as  one  is- not  consi.dering  seasonal 
storage/  that , is ,  §torring  summer  heat  for  use  in  the  winter^  Results* 
from  simu^tibns  for' several  different  stor^'e  capaci  ties,  ar^  in  general 
agreenjgfr  with  the  iof  and  Ty'Bout.  study  and  are  shown  i-n  Figure  7-2., 


Jnsequently,  a  storage  capacity,  of  80  k^,water/sq,  meter  (2.gaMons 
water/j^ 'ft..') -was  used  in  the  study  to  develop  the  generalized  per- 
formance etil^ves .  '  .      '       ~     ,  ^  — ^ 


■  LOAD  HEAT  EXCHANGER  SIZE   .  •  / 

~  \  ~  -         '  .      '  '  . 

Adimefisipnless  .parameter  {\^^  w'^ere      is  the  effectiveness  /' 

of  the  space  te^fing  load  heat  exchanger,  C'  .„  is  ttie  mi'nimum  ^rapaci tance  ' 

ra.te  in.thfe  load'heat  exchanger,  arid  UA 'represents  a  constant  character-  / 

'izwspace  heating^load,  was,  foun.d  to  provide  a  measure'of  C}ie  size'of 
heat  exxTtT^riger  needed  in  order  to  suppTy  heat  to  a  specif'i,ed::building. 

.Figure  7-3  indicates  4^ow-the  performance  of -a, space  heatji^" system  i§ 

-..related' to  this  parameter,.  "For  values  of  this  parameter  -less  than  iJ 

■  'the  reduction-in  system  perfonnance  due  to  having- a  .heat  exchanged. 
(      .  .     .     •  ,       I  '  ,"  ^ 

^'s  too  small  will  be  appreciable,.  Values  for  this '^arameter/b^Ween 
\.l  and  3%hould  be  used  for  optjnial  performance.    Consequently,  the  ' 
general;ized  p,erformance  charts' werfe  developed  uti  1  izing''.a  val ue*oi -this 
*  '\    •  parameter- equal  to  2.        .  /  •  -        •  '  ' 

^  '  '    '    -  ^  •    ^-         ■      .  3&4/  - 
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"  ^-    '  •  .  C  • 

CORRKATION  OF  SYSTEM /PERFORMANCE    .■  .      v  .   .  .        ,  , 

/•  corrfelation  of  f,  Yhe  fraction  of  the  if^^hTy  load  supp1,ied  by  solar,' 

to  varioiis  system  para[ii^ters\was  i^nve^stigated^by  majcitk  more -than  300 
siltiulation  studies,  each  of  whicf^  estimated  month  by  month  system 
performance  by  performing  .calculatio^is  at'  hajf-hour  inte^va-k  using 
meteorological  dat^  fo.r  an  average  year  for' Madison,  ^Wisconsi 
The  results  of*  these  studies  are  show  graphically  in  Vigpre'}-^ 
This  chart  may  be  used  to  estimate  the  performance -of  a  solaf  heating 
system,  month  by  month,  ,cis  a:  function  of  the  system  design  apd  local 
weather  conditions. 


Although  the^  f  curves  shown  in  Figure  7-4  were  develope^- using 
simulation  results  fpr  Madison,  Wisconsin,  cl imatologicaT  data  studies.^ 
have  iftdicatedj^  that  the  performance  chart  cBn  be  applied/'tor  oiher  ' 


location^  with  satisfactory  results, 


/ 


APPLICATION  OF  THE  PERFORMAN^f -eHATTT^ 
'  to  A  SYSTEM  DESIGN 


The  application  of  the  performance  chsrt  on  Figure  7^*4  will 
be  illustrated  in  thi s  section  by  c-orrfidering^ the.  design  of  a" 
residential-type- structure  in  Indianapolis,  Indiana.    Suppose  that 
the  des-ign  heat  lo^d  is  found. to  be  61,000  Btu/hr  af  an  ambient 
temp^ature  of  4  ^F.    This  results  Jn -a  24'rOOO  Btu/degree-day  house. 
The  ntonthly  and  annual  heattng  load^^  may  be  deterrtiin^d  by  r^eferring  to 
Table  4-5  to  oBtain  an  estimate ',of' the  degree-days/month  as  well  .as  the  ' 


'.anntfal  deqgee  days^for  Indianapolis,  Indiana'.^  Suppose  that  the  s.ervice 
'  water  heating  load-is  estimated  to  "fee  80  gallons  per. 'day" to  be  raised 
from.-52  °F  to  140  °F,  and  this  does  no^hange  throughout  the  yearj 
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'Flat-plateL-collectors  are*t6^be  used, and  the  design  characteristics 
of  these  col lectprs, as_ determf n^d  fjtom'a  collector  performance  curve, are 


v»        .  '  -       ,f^'\  =  0.86  BTU/hr-Ft^  -  °F 


Fp    TO    ^    0.72'    ,  *  ' 

Also  suppose  ttiat  the  o.ther  required  system  parameters  are 
.   V  r 


(ift  Cr)_/A  =  10.28.BTU/hr-Ft^  -  °F 
^  {rti  Cp)^/A^/  12.05  BTU/hr;Ft^  - 

e    =  0.70. 

c. 


Then 

* 

Therefore 


V 

1-1 


'=  0.83 


and 


Tlje  collectors  are  tb  be  mounted  facing  due  south  at»4 's'lope  , - 

equal  to,  the^  latitude.    The  ratio  of  the  storage  tank  to  theK^l^tor 

area  is  to  be  80  kg  water/sq»  meter  of  collector  (K64  lb/Ft  ).     «  C 

' The, calculations  are  shown  in  Tables'7-i(a) ,  and  7-l(b).  The 

values  fof<^  arid  Kj  were  obtained  from  Table  3-1.    The  values  for  R 

were  obtcTlned  from  Figure  3-26.        is  Qbtaijied  from  R*H.*   The  degree 
.  *     ^*     ^  '       •  ^      .  "  •  *  »     *  . 

•  .     309  '  .  •  • 


• 

*  ,2.75 

c 

'  2,50 

o 

2.25 

CtOf 

x> 
o 

o. 

2.00 

— 1 

Col 

1  75 

1.50 

- 

1.-25 

< 

1  on 

1 

.0.75 

>- 

,  0.50 

~  1 

0:25 

J, 
f 


ref 


hi 
'c 


x= 


6.  8 
,  f^'AUtdfef  To)  At 


10  :^12  14 
Collector  Losses 

Load 


Figure  7-4. 


f;Chart  for  Liquid-Based  Solar  Heating^ 


HOHENCIATURE 


2 

collector  area  [m  ] 

fraction  of  the  toUl  heHing  load  ^applied  by  solar  clergy  each  jnonth 
collector  efficiency  factor  ^ 

a  modified  jCoI lector  efficiency  factor  Hhich' accounts  for  the  penalty  in  energy  collection  imposed 
by  the  use  ef  a  double-loop  flow  circuit  '      »  *  . 


1  + 


1] 


total  space  and  watrr  heating  loads  for  each  calendar  inonthYul' 
collector  fluid  capacitance  rate  (W  hr"  C'  ] 

fjiinimofn  fluid  capacitance  rate  through  the  c^ol lector  tank  hnat  exchanger  [U  hr"^  C*^]' 
total  radiation  per  unit  area  incident  upon  the  collector  duriKg  each  calendar  (ftontS  [W  n'^] 
reference  tcniptrature  [100  C]  ^  .  -  *  , 

collector  over*  1 1  energy; less  coefficient  (W.hr"'  C*\m"^3  /  . 
nuaiber  of  hours  In  each  calertdar  month  [hr], 
'effectiveness  of  the  collector-storage  tank  heat  exchanger        ^  , 
average  product      the  cover  transmlttsnce  and  the  collector  plate  absorptance 
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TABLE  7'--l{a)."  Load  and\Meteoro^ogical  .Data 


HOtiTH  Btu/FT^- 


8tu/Ft^ 


Btu  • 
\0'^ 


L 

Btu  •  S 

10"^  Btu/Ft^ 


r 

1  All 

,  JAN 

526 

.380  1.58 

831 

1113  29 

1B3 

'  26.71  28.45 

25761 

FEB 

S  797 

.424  1.4^ 

1172 

9^  9  31 

.  181 

22.78  24.52 

32816 

* 

.mar; 

1184 

.472  1.23 

1456 

809  39 

173 

19.42  21.16 

45136 

Mrn  • 

^Ai(\  1  nA 

1  tiAfi 

1  CI 

161 

iO.37  12.11 

46200 

,    '  MAY^ 

1826'' 

.511%0.93 

1700 

i77  59 

153 

4.25  |5.99^ 

52700 

JUN" 

2042 

. J   U. OS 

1707 

J?  Oh 

Ids 

JUL 

•  2040 

.554  0.90 

1836 

.  VO  65 

147 

0  1.74 

56$16 

AUG 

>^1836 

.552  0.99 

1814 

/O  65 

'  147 

0  1.74 

56234 

SEP 

1513 

.549  1.16 

175& 

90  62 

150 

2.16  3.9Q 

52650 

OCT 

1094  ' 

.520  1.42 

1553 

'^6  55 

'157 

7.58  9.32 

48143 

NOVk 

662 

.413  1.54 

1019 

723  41 

171 

17.35  19.09 

30370 

OEC 

491 

.391  1.85 

,908 

1051  31 

181 

25.22  26.96 

28148 

157*66 

ERXCf 


\ 


/ 


-TABLE  7-l(b).    Fraction  of  Load  SupplTed  by  Solar  ' 


At/L  FT'2- 
10'3 

FpSa  S/L 

 ~  

X  and  Y  Values 

f-Fractlon  of 
Aoad  Supplied 
by  Solar 

FT"2.l0"'* 

'  500Ft2 

750Ft2 

1000Ft2 

500    750  1000 

'  X  Y 

• 

JC  Y. 

X  Y 

JAN 
FEB 
HAf? 
APR 
MAY 

JUL 

AUP 

SEP 

OCT 

NOV. 

DEC 


-3.97 
4.12 
5.05 
7.94 
15.77 
33.00 

52.17^ 
22.99 
10.40 
*  5,35 
4. IS 


6.25  , 
^  9.23 

"  14.72     2.53  '.74 
.  26^32     3.97.  1.32 
,  60.71     7.89  3-.04 
138;8tf   16.50  ^  6^4 
225,70   26.08  11.29 
223.00   26.08  ll.iS 
93.15   11,49  4.66 
.'35.64    '5.20,.  i.li 
11;05     2.68  .55 
7.20  .  2.08  M 


X  > 


1.985     .3125   2.98     .47  3.97  .63 

2.06       .46      3.09     .69  4.12  .92 

2.53       .74       3.79    l.l'O  5.05  1.47 

5.96    1.97  7f94  2.63 

11.83    4.55  15.77  6.07 

24.75  10.41  33.00  13.88 

39*iyil6".92  52.17  23.57 

39.12  16.72  22.98  22.30 

17.24   6.99  10.40  9.^32- 

7.80   iAl  5v35  ^3.56 

4.01  \.83  4.15  i.ll 

3.11     .54  ^  :72 

YEARLY  FRACTION* 


.18  .30  .35 

.35  .47  .58 

.54  .67  ^.'85 

.78  .95  l.OQ 

KOO  1.00  l  .tfO 

1.00  1.00  4.00 

1.00  1.00  i.'do 
i.oo  1.00  1.00 

1;00  1.00  I.oo' 
.  .92  1.00  i.oo 
.33    .50*  .60 
;2fi  ""^32  .39 

'.45'  .57V,64 


YOWLY 
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days  were  determined  from  Table  4-5.    The  average  ambient  temperatures  ^ 
were  detenmned  from  knowing  the  degree  days  per  month  and  applying' 
the  equation  .  ' 

V65-0b/n  ,     '     '         .  '^7-14) 

♦  t 

where  n  is 'equal  to  the  number  of  days  in  the  month.    The  heating  load, 
L^,  is  obtained  from  the  product  of  the  degree  days  and  the  design' 
heating  load  for  the  house/ 

A  service  hot  water 'load  ^as  included  in  the  analysis^    It  was  assurrfe'd'' 
that  the  service  hot  water  toad  would  require  80  gallons  per  day ^to  be 
raised'from^52  °F  to  140  ^F.    It  was  assumed  that  this  load  was  constant 

  \ 

throughout,  the  year.    Thus,"      '  '  '  '  " 


^SHW 


-=        f-}  )  (8.25  1^  )  )  (140-52J°F  (<0  days),  ' 


=  1,742,400  BTU/month-. 


1./ 


This  value  was  added  to  the  heating  load  to  obtain  the  total  load,  L,  for  . 
.each  month.  ,         ,  ,  « 

The-value  for  the  total  ra(iiatip*n  on  each  square  foot  of  t|ie  ' 
collector 'for , each-month,  S,  is  obtained  from  the  product  of  hI  and  the 
number  of  days  in  each  month.  ^ 

The  abscissa  and  ordinate  (X  an'd'Y)  values  for  the  f-chart,   •   ^  '  • 
Figure  7-4,  were  calculated  for. collectors  of  500,  750,  and  1090  Ft^ 
using  the  values -calculated'fr^om^abpve.    The  fraction  of  the  load,  f,  supplied 


by  solar  for  each. month  was  determined  from  Figure  7-^4  using  the 
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calculated  values  for  X  and  Y.    Ihe  figures  showrron  the  bottom  row 

of  the  f-cdlumn  an  Tablg  7-l(b)  represent  the  fraction  of  the* 

annual 'load,  stipplied' by  salar  for  each  size* 'of  coUectar?  array  coasidered. 

The' f-cjiarf  curves  were. developed  using  mminal  values  for  storage  \* 
capacity,  collSctor-to-storage  heat  exchanger  performance,  and^'load  - 
'heat  exchanger  performance-    The  corrections  that  should  be  ma'Se  to.  X 
and  Y  for  systems  that  vary  from  the  nominal  values    used'^'the  develop- 

ment  of* the  curves  ^are  given  in  Figures  7-5  through  7-7:    Fig<ire  7-5  may 

^  7  *  <        '  ' 

be  used  to  determine  th^  correction  to  X  Tor  variations  in  the  storage 

size  from  the  nominal  valu?  of  2'qallons  of  water  pet  square  foot  of 
collector.    Figure  7-6  ijiay  be  used  to  determine'  the^correction  to  rHor 
variations,  in  the  Ipad  heat  exchanger  factor  from  the  nominal  value,  of  2.  ' 

•  ^  *  "  , 

Figure  7-7  may  be  used  to  determine  the  value  of  Fj^'/Fj^  in  terms  of 
the  collBctor  heat  exchanger  factor.    ,  •  '  * 

A  similar  study  was  conducted  for  an  air  heating  system  shown  in 
Figure  7-8.    The  resultirfg  f-chart  is  shov/n  iV  Figure  7-9.,;  The  axes  are  f.^ 
similar  tb  Figure  7-T,  except  there  is  no  heat  exchanger  iftom  collectors'' 
to  storage  and      is  taken 'to  be  1.0.    The  correction  fa.6tors  are  shown 
in  Figures  7-5  and  7-10.  Tigure'7-5  may  be  used  to  determine  tihe  correctip 
to  X  that  should  be  app-lied  to  systems  having  storage' sizes  that  differ 
from'  the  nominal  value  of  0.75  c^bic  feet. of  rocks  per  square  Voo^  of 
cpllector.    Figure  7-10  may  be  used  to  determine  the  correctioa  ti.X.that' 
should  be  applied  to' systems  having  collector  ajr^flow  rates  that  v-ary 
from  the  nominal  value  of  two  standard  cubic  feet  per  minute  {SCFM) 
per  square  foot  of  collector.  .  . 


4^ 


For  either  air  or  w^ter  system,. the  va?ues  for'Fj^.xa  and  Fj^U^  may  be 
obta.ined  in  the  manner  Illustrated  by  Figui^e  7-11  if  test  data  for  a-  ; 
-given^llector  are  availabl-e.    All  tliat  is  necessary^is  to  plot  a  straight 
line  through'  the  data  and  read  Fp  toT  from  the  y-intercept.    The\alue  for 
F^Uj^  is  determined  by  the  slop6,qf  the  straight  line*   r         .  * 


Figure  7-5.    Storage  Size  Correction  factor' 


RETURN  AIR  ; 
■.FROM  HOUSE 


Figure^7-8.  Scheraa.tic  Diagram  of  an  Air-Based  Solar  Space  and  Water  Heating  System 
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-AUTOMATED  USE  OF  THE  PERFORMANCE, ]£HARTS  i 


The  calculations  required^  for  use  of  the* performance  charts  are 
tedious/the  efficiency  o^F  the  calculation  process  can  be  improved    .  ^ 
significantly  by'automating  the  calculations.    By  means  of  Standard 

*curve-fitting  programs  the  fol  lowing  rotations  hips  have  bee^n^b:taineci . 

*  fdr  the  f-charts  for'water  and  air  systems,  respectively  (Ref/4').y'  * 


f  ,  =  1.029Y  -  0.065X  - 
w 


f^  =  1.04Y  -  0.065X 

a 


0.159Y^  +  Q.OOls/x^  -  0.0095Y^ 


Th^se  equatiojis  may  be  used  ,in? 
(s  for  f .         .  .  ^ 

A  similar  equation  ha?  been 
/haying  the  cohf igurations  shown 


Service  Hot  Water  Only^ 


X  = 


AF„'U,'At  111. 6  +  1.18  IT 


0.245Y^  +  0.0018Xy+  0.0215Y^ 


ead  of  the  f-^harts  to  qbtain  appropriate 

I  ~ 

developed /for  potabl^  hot  water  systems 


air  9r, water  equations  may  be  ujed, but  a/corrfictiojl  to  X  must  be 
made>    The  correction  is  given  fas 


-SHW. 


(7-15) 


{7>16) 


in  Figure^  7-12(a)  dnd7-l2(b).  The 


/ 


+  3.86  T 


T^  .is  hot  outlet  temperature  typi<^aTly  F 
T^     fs  dold  inle^  tem^ature  typically  50  °F 


Ty^     is  t^e  average  out^or  aif/j:emperat;>fe 


^SHW      service  hot  water 'loacj 


3  2  i 
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^  To  Taps' 


Domestic 
Water  ' 
Heater 


Watei^   ^  ^  \ 
Preheat  Supply 
Tank  ".^in 


Figure  7-12(a)'.  "Air  System  Schematic  for  Service  Hot  Water. 


I 


Relief 
.Valve  . 


Storage 
Tank 


Pumps 


.  /  ■ 
jHot  '.. 

.  ^ Water 
-  ']  Load 


Figure  7-12(5).   tiat/er  Syitem  Schematic  for  Service  Hot  Water; 
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The  complete  procedure  has  been  automated  on  the  SR-52,  HP-65^ 
and  HP-67  Qrogrammabl  e  hand-held  («ef.  5,  6,  7)  calculators.  In 
addition,^ the  procedure  has  also  been  programmed  for  a  small  digital 
computer.    A'.sample  output  from  the  digita^l  computer  program  is  shown 
ip  Figure  7-13.    This  program,  and  similar  programs,  will  be  used 
during  the  design  sessions  of  Modules  18  and  20. 

INTERACTIVE  PROGRAM      .  '  " 

An  interactive  version  of  the  design  chart  procedure  that  was 
discussed  in  the  previous  section  has  been  developed  at  the  University 
of , Wisconsin.    The  program  contains    c^l imatological  and  solar  data 
for  112  locations  intlie  United  States  and  Canada..   The  program  determines 
the  performance  of  a  solar  system  in  any  of  these  locations.    The  v 
percentage  of  the  lo^d  that  will  be  supplied  by  solar  for  each  month  is 
determined.    The  user  supplies  the  collector  parameters  necessary  for  the 
program;  these  are  Fj^'  (la)  and  F^^'  U^^'.    The  collector  is  modeled- 
according  to  the  equations  presented"  in  the  earlier  section.    The  user 
also  specifies  (tf\e  slope  and  ^rea  of  the  collector  array. 

The  building^heating  Toad  is  determined  according  to  UA  AT  calculation 
or  is  specified,  in- monthly  values,  by  the  user/   If  the  load  is  to 
be  calculated, the' user  must  provide  a  UA  value  in  kJ/hr^^G  for  the 
building.    A  service  bot -water  load  may'also'be  included.    The  user 
must  specify  the  amount  of  service  hot  water  (kg/dey),  the  water  set 
temperature  (°C),  and  the  water  main  tenjperature  (°'C).    Internal  heat 
generation  from  lights,  peopl e,,  etc . ,  ma'y  also  be  specifte^l  in  kJ/day. 
These  factcrrs'^e  used  in  the  program  to -determine  the  total  load. 
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LATITUDE *=  39.7 


COLLECTOR  TILT  =  39.7 


GROUND  REFLECTIVITY  =  ,20 


MTH 


1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 


COLLECTOR  AREA  =  505.0  SQ.  FT. 

PLATE  ABSORBTIVITY  =  .90  • 

OVERALL  LOSS  COEFF.UL=  /97BTu7hR-SQ.FT.-F  " 
'CAPACITY  RATE  OF  COLL.  FLUID     7.0  BTU/HR-F-SQ. FT 

EFFECTIVENESS  OF  COLL-TANK  HX  =  .70 

DOMESTIC  USAGE  PER  DAY  =80.6  GAL/ DAY 

DOMESTIC- JANK  TEMP  =  140.0  F         \     ^  '  - 

FUEL  COST  =  18.00  S/MBTU 

COST  OF  INSTALLATION  =  16.00  $/SQ.FT.  CQl 

STORAGE^  CAP.  TO  COLL.  AREA  RATIO '= 
•ADDITIONAL  EQUIPMENT  COSTS  =,1400. 


.  COVER  TRANSMISSIVITY  =  .94 

r  / 

Caj.L.  EFF.  FACTOR.  .FPRIMe'  = 


.92 


COLL     CAPACITY  RATE  OF  STORApE  FLUID 
HOUSE  DESIGN  =  24000.0  BTU/DD  ' 
•     '^SOMESTIC^SUPPLY  TEMp"=  52.0  F 


8\2  BTU/HR-F-SQ. FT. CGLL'. 


.   -■  ANNUAL  CAPITAL  INVESf.  CHARGE  =  0.90 

WATER/SQ.FT.^COLL     MATERIAL  TANlC  COST  =  ,120  $/LB.  STORAGE  FLUID- 

;  ■ 


SOLAR 
■  ^BTU 


MQflTHLY 
A^RAGE 

;-"R 


SOLAR 
TILT 
BTU 


J 


SQ.FT. -MTH 
41515.53 

.  42119.19 
57831.44 

'  52275.17  ' 
47454.70 
495a3.32 
52034.29 

48608.88 
52834.33*/ 
509 il.^^' 
42807.39 
•39939. 86" 


DEGREE 
DAYS 


1132.0 
938.0 

887  ;o 

558.6 
288.0 
66.0 

/Lo 

/  9.0 
117.0. 
428.0 
819.0 

1035.0 


MONTHLY 
AVERAGE 
TEMP 


28.48 
31 -.50. 
3^ 
46.40 
55-.  71 
6^.80 
64.81^ 

64.71 
61.10 
51 .19 
37.70 
31.61 


MONTHLY 
TOTAL 
LOAD 


28968480 . 
24138240: 
23088480. 
15134400. 

8712480. 

3^26400. 

1944480 . 

2016480. 

4550400. 
f  207 2480. 
21398400; 
26640480. 


PERCENT 
SOLAR  , 


YEARLY  DOLLAR  SAVINGS  =  $756.63  WITH  .547  OF  THE  REQUIRED  LO/^E) 

Figure  ,7 -jl3.  Sample  Output' 


1.897 
-  2.022 
2.278 
3.171 
5.372 
12.998 
22.667. 

21.873 
9.610 
•3.989' 
W60 
.028 


.503 
.631 
.879 
1.212 
1.912 
5.232 
9.393 
8.462 
4.076 
1.480 
.702- 
.526 


RRIE0  BY  SpLAR 


no 
on 
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CODE 


TABLE  7-2  ' 

SmiZ  OUTPUT  FROM  INTERACTIVE  DESIGN  PROGRAM; 

VALUE  ' 

FRPRIMT --TAU--ALPHA-PRODUCT 


2 
3 
4 
.5 
6 
7 
8 
9 
10 

12 


-FRPRIME  --UL  PROdUcf 
BUILDING  UA 
HOT  WATER  LOAD 
WATER  SET  TEMPERATURE 
WATER  MAIN  TEMPERATURE 
COLLECTOR  SLOPE 


^695 
16.900 
•1898'.  000 
'  300.000 
60.000 
11.000 
40.000 
'  '  IND 
69.750 
0.000 
2.000 
■  1.000 


UNITS 

KJ/hr-C-M^ 
.KJ/hr-C 
KG/day 

C  . 

C 

DEGREES 


t^=750  Ft' 
KJ/day 


CITY  ABBREVIATION 
COLLECTOR  AREA 

CONSTANT  DAILY  BLDG  HEAT  GENERATION 
AIR  SYSTEM  =  1,  WATER  SYSTEM  =  2 
PRINT  OUT  BY  MONTH  =  1,  YEARLY  =  2  ^ 
TYPE  YES  IF  YOU  WISH  TO  CHANGE  yALUE(S)  IN  LIST  OF  SYSTEM  PARAMETERS 
TYPE  CHANGE  IF  YOU  WISH -TO  CHANGE  MONTHLY  LOADS  OR  VALIiES  QF  REFLECTIVITY 
OTHERWISE  TYPE  READY ^ OR  STOP  *  •  '  ' 

READY  ,      '  ■  .  * 

DO  YOU  WISH  TO  HAVE  YOUR 'VALUES  RELISTED 'YES=1 ,  N0=2  , 
2     ■  - 


INDIANAPO  IN  39.44 


TiyE 

PERCENT 
SOLAR 

INCIDENT 
_  SOLAR  (MJ) 

HEATING 
LOAD  (MJ) 

JAN 

27.6 

-21.54 

'    28.17  ^ 

FEB  - 

40.1  • 

24.66 

24.02 

MAR 

.  62.1 

33.91 

^'^  20.47 

APR 

88.8 

34. 7i 

"  10,93 

MAY 

.  100.0 

,39.89 

4.48 

JUN 

,100.0 

40,64 

.99 

JUL 

100.0  ■ 

42.64  , 

•  0.00 

AUG 

100.0  ■ 

■  ~41.'49- 

0.00 

SEP 

100.0 

3^^09'' 

•2.28 

OCT 

99'.  6 

37.03 

8.00 

NOV 

46.1 

23.67- 

18.30 

DEC  . 

,  25.3 

19.58 

.^6.60 

YEAR 

52.4  • 

398.93 

144.22 

-WATER 
LOAD^(M 

,  1.91 

■  1.72- 

,  1.91 

1.85 

1.91 

1.85 

"1.91 
'1.85 
1.91 
.  "'1.-85 

,  i.9i 

22 '.48 


DEGREE 
DAYS(C- 

eiB.'^ 

527.  ' 

449. 

240. 

< 

98. 

22. 
■  0. 

'  ■  -o  '. 

,  50". 
'l76.  , 
402. 
584. 
'  3166. 


AMBIENT 
)  TEMP.(( 

-2. 

-0. 

•  4. 

10. 

15. 

,  18. 

18. 

18. 

17. 

13. 

•  .5. 

-% 


Fijially,  the  user  specifies  whether  the  system  being  cons idere4  is  an  ai»: 
or  water  system  and  whether  the'printout  is  to  show  monthTy  or  yearly  results. 
A  sample  output  from  this  program  with  monthly  results  ts  shown  in  Table  7-2. 

-Economic  considerations  are  also  included  injtne  program.  The 
user  has^^the  option<^of  having  the  program  detepiine  the  optimTt^collector 
.size,.  The  optimum  is  deterfliined  on  the  basis -of  minimizing  life-cycle 
costs;  *  J 

•  ■  ■  ■     ■  ■   ■  (. 

SAMPLE  DESIGN  CURVES  .  • 

•  The  interactive  program  that  was  discussed  in  the  previous  /:  ' 
section  has  been  used  to  develop  several  jiesign  curves  that  may  be  used 
for  collector  sizing  when  using  two^specjfic  collectors,  one  for  air 
(SOLARON)  and  the  other. for  water  (PPG).    These  curves  are-shown' 

in  Figures  7-14  through  7-53,  Jhey.  were  developed  for  the  air  a[Jid 

wateiisystems  in  the  ten  locations  indicated  and  tilt  angles  equal  to  the 

-  latiti/Se^and  the  latitude  plus  15  degrees.   They  provide  the  anYiual 

fraction  of  load  supplied  by  solar  as  a  fur^tion  of  the  house  design 

heat  load.    For  example,  suppose  we  have/a  15,000  Btu/DD  house  to  be 

located  in  Boulder,  Colorado.    We  see  /mmediately  from  Frgures  7-14 

and^7-24  that  ^  500  Ft^^^SOLARON  collector  would  provide,  between 70 

ahd  75  percent  of  the  annual  heatiilg  load, 

'The  detailed  design  methods/presented  irv  this  module-may  be  used 

*  '  <»•'--/  ^  -  ' 

to  construct,  detailed  design  cijrves  for  any  given  collector  type  in  am 

/    .  "         '    ^      .  '  '  * 

»  / 

/desired  location.   These  curves  may  then  be  used  in  combination 

with      egpnomic  analysis  /to  determine  the  final  system  design.   •  ^ 

f  ■ 
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THE*INjrERACTrVE.F-CHART  PROGRAM 

The  interactive  version  of  the  f-chart  program  maycbe  purchased 
from  the  University  of  Wisconsin  -  Madison  by  contacting  Professor 
Beckman  or  Duffie  at  the  ^Solar  Energy  Labpratary.    We^ill  illttsftrate 
its  use  and  make  it  available  during  some  of  the^  computation  s^essiQns 
The  descriptions  of  variables  and  a  program  warksheet  are, given  as  ^ 
follows':  A 


Variable  Description      ' '    '  '  ,  ^  v        ^  ' 

.    1  ."^Air^Systecfi  =  jl,  Liquid  SystQgi  =- 2  -      >  *  * 

^.      The  f-chart  program'can  predict  the  perforinance  of  two  types  K)f  solar  /  . 
domestic  water  and  space  heating  systems.    These  "stcfeflard" 'systems  use  'Kv- 


either  air  or  a  liquid  as.  tll^transfer  fluid  and  ar^.e  illustrated  in  Figures 
^d  JrQ.  **Splar^air  or  1  iqUid-based- systems^  which  heat  dopiest;ic  water  ex- 
iisively  can  be  modeled  siiiHll^  by.input(ting  ^  space  heaj:"in^g  load-^of  zero, 
space  hearting- only 'systems,  injut  a  water  usage  rat^  of  zero. 


--3 


2;    Collector- Area  ^  . 

The  .^ea  o/  flat-plate  cotlectors  in  your  s.olar  heating  systeRrT^ 

If  "flat-plate^  coll ecf?fi**^experimentar performance  data  are  plotted  as 
collector  efficiency  (n)  vs  (T-j^-T^^.  )/S, a  straight  line,  can  usually  be  :^ 
-    .fitted  to  the  jiaXa.  points Assuming  that  the  data  were  taken  with  a  specified 
^fluid  capacitance  rate  (liqihiS' collector  2T0  KJ/hV-^C-^jn^^  a-ji^  collector  45 
'*  KJ/hr-^C-m^} /and' with; eill  solar  radiation^at  norma']  incidence  to^e  plane 
of  thfe  collector,  the  nntencepi  of^Jt^he.  straight  line  with  the  rl-axis  js*^  * 
Fjj(ta)|\jv       .is.  the  collector  heal  fe{noval  factor,  (tajf^i  is  the  trans-  ^ 
mi ttance-absor:f>tance  .product  *of  the  col  jecfcV  cover  system -at*  itormal 
intidence.  *    .    -  -  ■  *      ^      '  ^ 

Fp  is^^^rrectM  Fp- which  in  liquid-b^is^d  syjtems  accounts  for  the  •»  ^ 
effect  of  t^e  col lector-to-storagq  heat  exchanger.  ^  I'n  air  systems^^Fp  = 
sincfe  there- is  no  heat  exehi^nger.  ,f^F[^  can  be  calculated  as  follows: 


..^  ..... 


*  '1 


For  nomenclature  def inition5>£ee '"A  Design  Procedure  for  Solar  bleating 
Systems'*  .by- S,A.^  Klein>  W.'A.  ^Beckman  and  J. A.  Duffie  (Ref.  1)^.  ' 


FrUl  Is^the  slope^of^he  straight  line  n  vs  (T.,-  rT    /^)ys  ftjort,  if  *the 


obtained  as  described  above 


y  4 


*^ '  7-30     ;     >•      ^    ^  . 


V     '5.    Number  of  Transparent  Covers         .  '  .        '  . 
•  •  .  •    •  *  — 

'    •     Thi's  refers  to  the  ftpmber  of  glazingis  over  the  collector.    The  pro- 
gram assumes  each  cover  is  glass  with -aWtiriction  coefficient-tRickness   "  ' 
>     -product  of  .037.    This  information-  is  used  to  calculate  angle  of  incidence 
effects  on  the  transmittance  o.f  gla^s.  .    '  ^.      ,  •  '       '  ■• 

»  *  *  *  «  •  * 

6.    Collector  STbpe      .         .         i  v 

.•         TJie  angle  betvyeen  the  plane  of- the- collectors  and  horizontal .     *  •  ,. 
^ .    Azimuth  Angle-  •     -    •  .  , 

-The- angle, between  the\horizonta.1  projecti'on-of  a  ray  norm'g^  to  the 
;        plane  of-  the  collector,  and,  due  south."  West  is  positive,  ea'st  is  jeg^tive.  '  ' 

•    \^8.    Storage  Capacity'*"  '     J^'''^fe.-  "  ^' 

The  energy  .stQragI -fa-paciff^^of  fhe  stprage  unit  ^n^yoJt solar  '  . 

'     systeln.        •     ,       ^         •         .  ,  •     .  .      .  •  • 

" "  •  ■     ■  ♦  .■ 

9"-  .Effective.  Building  UA  • "    ,     '     ■      •  -        •  ..    .   . • 

■  >"  '       \^  calculated  as  the /effective  design  spaqe-heatirig  loSd/divided 
by  the  design  temperature  difffere^te  (tndoor 'nvinu's  ambient) .    The  ^effective 
design  spaee-heating  joad  .shouldrihclu.de  inffftration  and  v.enti^af'(on  locids  - 

-    .     space^^°"i?i^^^^^  The  monthly/ 

■  '         ■  '      v/  .   i  ■  ^     -        ^   1.  '■  '  r 

•  .  ■  LOAD,  =;^A(deg-days-/month)|hj|i(rs/day)      .     :     '  -       ,  '     •  ^  .. 

.   '   10 /-Constant  Daily  Building  Heat  Generation-  '  .  -    •  ' 

^   The  user  may  .take^redit  for  heal^-genefation  within  the  space'by 
.    typing  in  ^,  daily. genersctiph  rat*  h^re  .rather  Wan  includini"  it  in  "the 

bu-ilding,UA.    This  16  acj:ga.lly.a  more  correct  way  of  ijicludTng  gene,ration  -  . 
becauseUA  should  only  .include' energy  ^os3es  o^g^ins  which  are  dependent  ' 
I      »  on  -ambient  temperature.^  ■    *  '  -  «    v     .    .      '  •  ♦     -rv.  • 

^       :  .  '    ^    '•  " 

Degreeldays,  ^ed 'to  estimafg 'the  load  from  UA,  are  ba'sed  on  a '65°F  / 
indoor  temperature  to  partially. account  for,- heat  generation,  ^Consequently., 
credTt  for  additional  h eat. genera ti on ,i/'uk^i^lTy  .not  taken  when  calculating 
loads  for  residences.  *       /  .     '  *•     '        i"  r*  ^ 


J  ■ 


11 .    Hot* Water  Usage         •  .    -    ■  , i  • 

♦    If  your  ^olar  .system  preheats  water  for'  dpmestic  br»pfoce/s  watfer         '  ' 
use,  this  input  is  the  average  Hot  watei*<usaae  rate.'   '     '     /       '    '"^-j.-^l  ''<^.  ^> 


3ur  ^oiar  .system  preneats  water  tor'  dpmestic  or»proce/s  watfer* 
input  if  the  average  Hot  watei*<usage  ra.te.'        '  f 

12.    Water  Set' Temperature    ,  .  "     •  *    /'  , 

This'j.s'  the  temperature  at -which  hot  water  must  be  s&^lied  to  A^our  ' 
taps  or  jaa-..pro<ies3.'  .  "       ^  .    '  . 

w 


• 
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13.    Water  Main  Temperature  .  - 

JMs  is  the  temperature  at -which  water  enters,  you>*  ^stevi\^0tt  is 
'    "usually  the  well  water  temperature  or  city  mains  water  temperature.  ^ 

■  T4.    City  tall  Number       ,  '   '  " 

The  city  calT  numbi^r  identifies  the  location  at  which  you  want  to* 
make  calculations..  The*  first  time  you  use  FCHART  it  is  recommended  that 
•   "y'ou  ask  ttie  pragram  to  give  you  a  listing  of  available  locations,  all  of 
\   which  are.  numbered  with  a  city  call  number.  Keep  thi?  listing  fon  future 
reference.  ^  -     ,  ^ 

'        ■     '•  '    .  Jv    ■         .  '         '  * 

15.  Print  O.U't  gy:,Month  =  1 .  By  Year  '=  2 

^       •  The  results  of  the»  thermal  anal^is  can  be  printed  out  by  mor>th  or 
in  yearly  totals. '  , 

16.  '  Economic  Analysis?    Yes  =  J*,iNo  =  2 


ERLC 


If 'desired,  the  program  will  "lierform  a*  life-cycle  cost  economic 

•  analysis  ^ich  ^compares  the  costs  orahe  sDlar-assi sted  system  with  the 
\  costs' of  a  conventional  system  on  a  present  value  basis.    The  pr6gram 

estimates  the  timing  and  amounts  of  annual  cash  flows  using  t|ie  following* 
equations.  ^ 

,    ye^ly  cost  =  mortgage  ♦  backup  system  +  m.i-scf  ^  j)roperty  tax  -  income  tax 
^ith  sdlar     paymgnV      -^fuel  costs      costs       increase  '        decrease  - 
,   *  '  c  with  solar 

yearly  cost  =  converTtional  system  -  income  tax  • 
w/o  solar  tuelcost     '     decrease  ^ 

ir      '  w/o  solar 

The  teirmfl(^re  defined  in  the  following.    It  is  assUhied  that  the  solar 
backup  system  is  identical  to  the  conventional  heating  and  domestic  water 
system.    Therefore  only' the  additional  .investment  due  to  "the  solar  system 
need  be  considered  in  the  analysis. 

rf^'an  economic  analysis  is  not  desired,  parameters  17- through  38  are 

♦  ignored.*  •  ' 

.17.    Use  Optimised  Collector  Area  =  1,  Specified  Area*  -  2 
—    ^  ^  -.--p-j  ^ 

The  user  specif ies,a*col lector  area  via  system  parameter  number  2. 
.•vHow6ver,  if  art  economically  optimized  collectdr  area  i-s  desired-',  the  pro- 
gram, ignores  the  specified' collector  area  and 'perforrhs  a  numerical  search 
for  an.-*optimUfD  area.  The  criterion  us^ci  is  to  f Ind  *the  collector  area 
which  minimises  the  present  valuf  of  aT^  of  the  yearly  costs  of  the  solar-  . 
assis-te'd  sy^teir  ov     the  period  of  analysis^ 

' .  18.    Perjacf^of  the  Economtc /ftnalysis      ''^       ^  .  ^  * 

f  Jhis  specifies  tbi^-'IfiUjiiber  of  years' over  which  the  lifl-c^tle  cost  - 
.analysis  wi!ll^  be^performed.  |'  '  . 


19.  Collector  Area  Dependent  Costs  -  ' •  ^ 

^    Sorne  6'f  the  extra  casts  of'a  solar  heating  systiem  above  the  convention'al 
.•system  are  ^col lector  a^rea  dependent*   These  include  the  costs  of  storage  and  o.f 
the  col  Vector.  .  '  •  \^ 

20.  Constant  Solar  Costs  ^ 

<  [         J.         '     -  ^  * 

TKis  refers  to  extra  costs  of  solar  heating  systems,  a-bove^  the  con- > 
ventional  system  whtch  are' not  dependent  on  the*  col  Vector  size.  Examples 
ate  co^ts  for  architectural  modifications,  piping  or  ducts,  controls,  and,, 
pumps  or  blowers.       ,      '      '  ! 

21.  Down  Payment  (%  of  Original'  Investment) 

The  original  investment  refers  to  the  extra  ^investm.ent  required  to 
put  in*t*he^  solar  system.    Therefore  the  %  which  is  paid  down  on  the  solar 
system^equals  the  ratio  of  4he  increi)ifental  increase  in  the  down  payment. 
required'by--the^  lender  to  the  incremental-  incre^ise  in  the  size*  of  the 
loafrrequired^ue  tb  t^he  solar  system. 

Zl.    AnrTull  Interest  Ra't^  on  Mortgage 

Thi^^is  the  annualCinterest  rate  cliarged  by  your  lender.  • 

Term  of  the  Mortgage  ^  V   .  .  .  ^      *  ^  * 


23 


24 


The*  number  i)fj.^'ears  ovep  which  you  must  pay  off  the  lo^n. 
Aag]Lal  Nom^ipai^-^(^i^ket)  DisGatfTrt-^Rala^ 


Aafflja  I 

TW-^efers,J;ofth^  annu'al  rate.^f  return  wF^ch.  you  make  with  your  .  < 
money  in-^^yr  b&st  investment, ^ortunUy^  The  annual  nominal  or  market  ^ 


rate  of  return  egua-VS  ^he  real  rate*  of  V-eturn^pluS  the  general  irfflation 
rate.  For^the  typical  ftojneowher ''the  real  rate  of  return  is  l-2%i^  for 
business, 2^4!^.  »  *  * 

"25.  ^Expenses  (Insurance<»Mai^ntenance>  of  System  in -First  Year 

All  additional;  yearly  expenses  due  to  the  sol^r  system  which^cannot  . 
b*ennput  anywh^^^e^el se  should  be  included  here.  ^ 


26.  A^^lJal  yhcrease . in  AbQve  Expenses  ^  '  '        ^  ' 

made  for  thte  annual  rate*  or  thcrease  of  insurance 
(i.e.  the  general  inflation  rate)  via  this 

27.  Present  Cost  oiF  Auxil iar/.liel  ^)  /      ^       ■  ■ 

This'  is  the  actual  •pre'sjglit  tost^f  the  backup  system  fuel,  flmes  10b, 
^^divided      the  efficiency  of  the.  baj|ffp  system* heating  unit.    The  actual 


^pres^nt  cost  of  the  fuel  siiould  incjWl' any -fuel  ,adjustment  charges 'beyOnd 
the  staqdaTd  ra\e.       *  ' 
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«    28-.    CF  Rise;-  Linear  =  1.  %/,yr.  =  2.  Seq.  of' Values  =  3  -  "  .  . 

^  ,  The  program  user  may  allow  fuel  costs  to  rise  in  any  of  three  possible 

*^ways  so  that  any  scenario, can  be  investigated.  These j'ncreases  should  include 
general  inflation  plus  any  net  increases  in  fuel  costs. 

29.  If  1,  What  is  the  Slope  of  CF  Increase?  '  • 

it  a  linear  fuel  cost  rise  is  assumed,  the  slope  of  increase  is 
required.    Otherwise  this  param^eter  is  ignored, 

30.  If  2>  What  is  the  Annual  Rate  of  CF  Rise?    *  '  '  . 

If  atK/yr.  fuel  cost  rise  is  desired,  thelpnmial  rate  of  fuel 
*  "  cost  increase  must  be  input  here.    Otherwise^  this  parameter  is 

ignored.  .  •  ^ 

•  .  * 

31.  Economic  Print  Out  by  Year  =  1,  Cumulative  =  2  * 

_  •  • 

If  a  yearly  print  out  is  desired,  several  cash  flows  ar^e  printed' 
each  year  of  the  economtc  c(nalysis.    If  a  cumulative  pnnt  out  is  desired,- 
the  present  value  of  the  yearlj(  costs  over  the  period  are  output^ for  the 
building  with  and  without  a  solar  energy  system.  • 

*  • 

32.  Effective- Federal "Stat-e  Income  Tax  Rate      ^      ,       -  ^  ' 

.\         '      '  '  ^ 

State  income  taxes  paid  are  deductible  on  federal  returns* therefore  ^ 
the  effective  federal -state  income  tax  rate  is  calculated  cis  . 

.  Effective  Rate  =  Federal  Rate+ State  Rate  -  (federal .  Rate)  x  tS,tate  Rate) 

■I     -  '  •  • 

,33.    True  Property  Tax  Rate  per  $  of  Original  Investment 

Property  tax  rates  are  applied  to  yotif" assessed  value.  Therefore 
an  estimate  of  assessed  value  as  a  percentage  of  original  investment  is 
required  so  that  ^     '  ,      .   *         *  ^  • 

'  ,  Tax  Rate  Tax  Ratg     .       /Assessed  VaTue^  x 

N  '  $  Original'  Invest.  "  ^Assessed  Va^ue^ :    '^Original  >Invest. 


34.    Income  Producing  Building?^  Yes  =  l,  flc.=-2* 

Jhe.  economic  analyse?^or  commercial  an^  residential  t^uildings  are' 
different  because' businesses  benefit  from  more  income  tax  deductions' due 
to  the  ad^ed  investment  required  ^or  the  solar  heating  system,    ^or  the 
Homeowner ,''intereU  and  property  taxes  paid  are  deductible  on  income  * 
taxes.    For  a  business,  interest','  depreciatian',  fuel  ex^ns^5»  property  * 
taxes  and  maintenance  ancf  insurance  costs  are>all  deductible. 

^    •    If  your  building  is  not  income  producing  and  doesf|ot 'qualify ^as  a 
•  business  investment,  paramqt^rs  35  through  38  are  ignored.' 
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:-The  yearly  cost' eguations  are  given  in  the  discussitin  below  sysytem 
parameter  16.    For  a  noil-i ncome-produc ing  buildjng,"  such  as'a  residence, 
the  i-nGome  tax  terms  are  givenr  below."  * 

^-    income  ,tax     tax    x  {interest  paid  +  property  tax  pal^} 
•  '  'decrease     rate  '  ,  i 

with  solar  ^  »  • 


income  tax  =  0., 
decrease 
w/o ,  solar 


However,  for  a  comrReiK^ial  building  the  income  tax  terihs  ^are  cfs 
follows'  *  . 


incom||tax  =.tax    x"  {inteJ^est  +  property  +.  misc.^  +  backup  sys.,+  depreciation} 
decrease  '    rate-         paid        .  tax         expense      fuel/ cosf 
with'  solar  paid 

•'  •  / 

income  ta^  =  tax  rate  x  {ponventi(^al  system  fuel  costs) 
decrease   -  '  ' 

W/o  solar  '  ' 

Although  commercial  building  owners  have  nwre'inii^ie  tax  deduction?  due 
to  the  solar  investment  than  homeov/ners,  they  do  not^^save  as  much  in  fuel 
cos*ts  si.nce*fuel  costs,  are  deductible  whether  or  not  they-  install  a  splar 
heating  system. 

^     Keep  in  mind  that  the  interest,  property  tax,  miscellaneous  expenSe, 
and  deprecia'tion  deductions  refer  only  to  the  incremental  increase  in  these' 
deductions  due  to  the  soluc^  investment!    Therefore  these  terms  dQ,  not  appear 
i'n  the  ^'without  solar'"  income  tax  decrease  equation. 


s  7-35 


35.  Dprc:  Straight  Line  =  1,  Declining  Balance  ^  2,  Sum-of-Years 
-  Didfts  =  3.  None.  =  4  "   (  . 

•  Any  of  the  standaird  methods  of  depreciation  can  be  used.  Deprecia- 
tion <leductions  due  to  the  extra  inyestment  due  to  solar_;are  calculated 
in  order  to  estimate- the  income  tax  savings. 

36.  If  2,  What  %  of  Strai<}ht  Line  Depreciation  Rate  is  Desired?  *  ... 

«  • 

'The'federal  government  allows- several  rates  at  which  investments 
.can  be  written-off  using  the  declining  bal^ince  metho^l.  rThese.  rates  are 
expressed  as  the  %.of  straigiht  line  depreciation  rate  allowed. 


37.  '  UsefiTT  Life  for  Depreciation  Purposes  ^ 

This  is  the  length  of  time  over, which  you  intend  to  depreciate- 
out  your  investment. 

38.  Salvage  Value  at  End  of  Depreciation  Period  )  ' 

\  An  estimate  of  the  system's  salvage 'value  ^at  the  end  of  the  deprecia- 
tion peri'od  is  required  in  order  to  calculate  depreciation. 
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34 
35 
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37 
38 


^'ARv^•-.bL£  DESCRIPTION 
Alfr'iYSrE.I- ILLIQUID  SYSTEM=2  

•  cdli.e:cto?>"  area  , , ,   

FK-fRfrt£.-T;-.L)-ALrHA  PRODUCT  (  NOP:fiAL  INCinEHCE  *  .*  .*  '~ 
FRf;-FIriE-Lft.  PRODUCT  ^  .   

p^number  of'  transparent  covers.   .*.'!!*.!,'   

colle^g' or  slope ....    ...  .'  ,  .  :  ,  .  .  .   

AZIfiUTH  AclGLE  .(E.G.   SGUTH-O!-   WEST--=yv  )....*..*.*  .* 

STORAGE  "CAPACITY   ,    .   ^ 

EFFECTIVE  BUILDING  UA.'.  ..,   

QUNSTAfJT,  DAILY  BLDG  HEAT  GENERATION  

HOT  UA^ER  USAGE   -.  .  .   

WATER  <=ET  TEMPERATURE.  .  .  .'  ^  >  '/,  ',   

WATER  MAIN   TEMPERATURE  ♦   

CITY  'CALL  NUfiBER  .  .  .  .  ;   " 

PRINT  OUT  BY  M0NTH=1  •   BY  YEAR=2.*;  !.*.*.'.*.*  1  /   

ECONOMIC  ANAL/SIS  ?  rES^l",  *N0=2  '  .  .   T 

USE  OFTitKD.   COLLECTOR  -AREA---!,   SPECFE'.   AREA-2 . 

pf:riud  of  the  eguncmic  analysis..-   "  r 

COLLECTOR  AREA  DEPENDENT'  SYSTEM  COSTS  ,   " 

CDNSTAhrr  S<3LAR  COSTS-  T  '.  .  .  »  ,  .  

LKJWN  PAYMENT(;i  OF  0RII3INAL   INVESTMENT );,....' .  •  

ANNUAL  INTEREST  RATE  ON  MOPTGACe  .-  . 

TERM  OF  MORTGAGE.   ~  : 

ANNUAl?  riOMINAtCMARKET)'  DISCOUNT  RATE,  .*  .*  .*  .*  .*  !    !   T 

EXPENSEGaNSUR.  rMAINT.)   OF  SYSTEM  IN  .1ST  YEiSr  ' 

ANNUAL  "/.   INCREASE  IN  ABOVE  EXP'ENSES    

PmSE}^  COST  OF  AUXILIARY  FUEL'(CF).,'   ~  

CF  RISE-:   LINEHR=.t,%/YR--:2,3EQ;  OF  VALUES=3   

IF  1,   WHAT  IS  THE  SLOPE  OF  CF  .If^CREASE?  '  

CF  2y   WHAT   IS  THE< ANNUAL  RATE   OF  CF  RISE  ,  

LCONOrtIC  ■.-■■RINT  OUT  BY  YE:iR=lr   CUMULA  F IVE; -'2  /  

EFFECTIVE  FEDEIRaL-STATE   INCOME  TAX  RATE  '  

TRUE  PRGP..  TAX  RATE  PER  $  OF  ORDINAL  INVEST..'  

INCOME  PRODUCING  BUILDING?  YES=lrN0=2  '  

DPRC  .  :   STR  .  LN=1 ,  DC  .  BAL .  =2  t  SM-YRtDGT^3  ,  N0NE--4  .  - 
IF, 2.   WHAT  7.  OF  STR.LN  DPRC.RTMS  PES  IRED"?  .  .  . ''"7 
USEFUL.  LIFE  FOR  DEPREC.  f'URPOSES 
SALVAGE  VALUE  .AT  END  OF  DEPREC.  -PERIDO*,  ^ 
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Figure  7-27. 
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Figure  7-28. 

AIR  SYSTEM' 
SOLARON  COLLECTOR 
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AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =-LAT-  +15 
LOCATION:  GAINESVILLE 
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Figure  7-3L  . 
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WATER  SYSTEM  " 
PPG  COLLECTOR 
SLOPE  '  LAT 
LOCAflON:  ALBANY 
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Figure  7-40. 

WATER  SYSTEM  ' 
PPG  COLLECTOR 
SLOPE  =•  LAT 
LOCATION:- GAINESVILLE 
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Figure  7-'41.% 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  ' 
LOCATION:  SANTA  MARIA 
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Figure  7-42. ■  • 

WATER-SYSTEM  - 
■     PPG  COLLECTOR 
$LOPf  =LAT  ^ 
•LOCATION:,  WASH.,  Q.C, 
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Figure  7-45, 

-"  '    WATER  system'  ' 
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«       SLOPE  ^  LAT  +  J5  • 
LOCATION:  ALBUQUERQUE 
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WATER  SiilSTEM    "  . 
PRTi  COLLECTOR  . 
SLOPE  =  LAT.-+  15 
.LOCATION: 'SEATTLE 
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•    irST  OF  SYMBOLS. 


'i  -  interest  rate  on  mpnejj,  decimal  ^ 
n    '  mortgage  term,  years^ 


'P      present  wqrth,' dollars    ^      .  '  .  \; 

-D  f      peV-cent  of  annual  heating'  requi f-emen^  provided  by  Solar 


F      future- yalue,  dollars  .  \ 


\  - . 


INTRODUCTION- 


y     This  module  presents  a  met h(xlo logy  that  may  be  tisetf^toedetennine 
the  ^conomic^of  solar  heat'inc|^s terns.    V.t  erlsa  presents  current  cost, 
figufefs  for  some -solar  js^ystefns  utilizing  both  wateir'*and  a-ir.  . 


,\    -  T-here  are  majiy  different'approaches~that  have  been  taken  *  to  determine' 
economics  of  solar  systems.    Many  of  these^have  been  used  to  Illustrated 
favorable  ecpnomics  of  solar  systems  and  are  often  unrealistic;  The 
'methodology  presented  in  this  module  may  be  applied  to  any' ?yst^m,afid  the  ' 


us^  can  provide  relevant  cost  inforpiatioi^' in  his  locality 


TRAINEE-ORIENTED, -OBJECTIVE 

The  objective  in  the  mbdule  is  tq  present  cur rervt/sy stem  costs  and 
methodology  that  will  enable  the  traiope  to  determine  the'econo|iies  of  ^ 


solar  sj^'sWms: 


SUB-OBJECTIVES 


from  the  costs  and  methodology  presented,  the^'trainee  will  be  abT§  to: 


1/  Estimate  system  costs' 


Jl.  Compare  solar  systenr;  c(^st^  with.conventjona-1 -s^stem'''costs  * 
'3.    Explain  economic  calcula tions  to  his  .cTi^q^s.  '\ 


SYSTEM  COSTS 


/. 


4.^ 


J 

n 


.  \ 


E;)(amina/t10n  of  the  costs  of  a  nunitJer^of  solar  systfiniSi  that  have  been. 
cons1jr;ticted /within  the  last  three' yea r.s  l>wltfcates  1n§ tilled ^systejn  epsts 
to  be^  appr/xlmately  $25  .per  sq.uare  foot\of  collector,  '  This' is  based 


^  /  *      8-2         .    '  „  ^ 

upon  systems  that  have  been  designed  to  carry  approximately  75  percent 

of  the  total  heating  and  service  hot  water  loads  for  single ^faini ly 

residential  type  structures.    This  unf.t- Installed  cost*  applies  to  both^^^ 
j  '  *  '  ^ 

air  and  water  systemsv    It  is  a  current  j^6st  (.1976)*  based  oh  Colorado  ^' 
prices^and  ^or  detailed    economic  calculations  in  other  areas  it  is 
cautfoned  that  local  estimates  of  system  costs  should  be  made. 

'  *  Tables  8-1  and  8-2  pr/esent  actu^  cost  data  for  a  ^ater  system  and 
an  air  system  that  have  t/een  r;iecently  designed  and  installed/ Cost  items 

re  included  in  the  profi.t  and  overjiead 


for  drawings 'and  design/time  c 
figure,  '  Such  costs  ar6  real, 


however,  and  must  be  included  in  any 
be  noted  that  the  collector  tost  shown  in 


economio  analysis.    It  should 

Taf)le  8-1  is  below  the  average  cost  for  collectors,  and  the  cSsjntrol  cost 

« 

exceeds  the  average  cost  for  qontrollers^.    Xhes^  tabl6s  do  not  include 
-4-^^^ht^MA^j(>.<:^^Jti^^f^  rhargpg  wnuld  vary  with  respect*  to  location. 


They  can  easily  represent  a  si'gnif^icant  addiction  to  the  total  costs, 

,  w 

however.    The  slzg  of  the  collector  array  is  different  for  the^water  c 
system  shown  in  Table  8-1  than  for  i\e  air  system  sh«wn  in  T^ble  8-2 
b'ecause  of  the  different  design  heat  loads',    T\ie -ratio  between  design 
heat  load  and  colTe'ctor  size  is  compc^rab'^e  for  the 'two  cases: 

We  can  see  from  the  two  cases  illustrated  that  the  installed  cost 
of»an'air  system  is  greater  than, for*  the -water  system.    Howe'ver,  some 
adjustment  in  the  unit  cost  of  the' smaller  hir  system  should  be  made, 
and  it  is  reasonable  to  expect  that  for  equiva^lent  5izes    the  costs 
would  be  between  $20  and  $25  (|Dllars  per  square  foot  of  collector. 

,  "Hie  homeowner  is  most  likely  to  think  of  -  solar  energy  as  a  means  of 
reducing  futur?  heating  costs.*  What  he  would  like  to  dpjs  add  the 
.initial  cost  of  solar  components^  to  his  mortgage  and  mak^'^tlhe  a^ 


mortgage  p^jyments  from  the  future  fuel  savings.'  .  \/v»  . 


Table  8-1'.    Representative  Cs'sts  for  a  Water  System  with 
800  ff^  Collector  ' 


4 


r  '    '  House  D^s>gn  Heit  Load  =  110,000  Bt6/hr 

ITEM  -  *    •     ,       -    •  '  -  COST 

J.    Collectors  V  $4,030 

2.    1200  gaTlon'steeV  storage  tank  (lined)  3,400 


3.  Pumps  -  350  *  .' 

86  .  . 

•1851'  •     .  ■  - 

V3Q  •      .  745 

r 

4.  Heat  \xchangers  -  275,  •  / 

185  '460 


^TTow  reguTat&rY7  ~       .  IW" 

Manifolds  '  180 

Cu  pump           .  I  100 

Air  vents  .  20 


$  6 


5.    Plumbing  -  1-1/4"  pipe  ,  230         '  ' 

Misc.  fittings  ^220 
X  '  Valves  .  536  \ 


1^,446 


•6,    Controls  and  .display  "  *  1 J48 

7.  Insulation  "^1,481 

e 

8.  Preheat  tank               _                >  t  '^^    *  .  -  160 

9.  Expansion  tank                                         f'-.  80-   *  <- 

10:    Labor              '          '    /                       v  3,600 

\Tl.    Testing,  balancing,  adjusting,  and-         .        ^  .  , 

\      period-ic  chec'ks  /  1 ,000 

•      ,        Subtotal  I  •  ■       .       '  15,600 

12.'  Profit  and  overhead  (20^ -of  $1B;60Q)  '  3,120 

•    -\  ->;''.  ^  . 

•   \      .TOTAL  COST  .  '       "      '•  $18,720 

•  .-'^  /  ■  '     ''-^  '  '    '  ^      ■  ■ ; 

IhstaTl^d  c694v  per.  ur^i-t  area  of  collector  $23.40  '  . 


8-4  .  . 


Table  8-2,^^:epresentative  Costs  for  an  Air  System  witii 
390       of  Collector 

.     '    .  .  House  Design  Heat  Load/*  42,0p0  Btu/hr 

•  >  /  ^  ^    ^  '  ^  • 

ITEM  '       -  ' 


•COST 


1.  -  So>ar  equifJhient  ^   ^  $5,315.69 

collectors,  cap  s^trips,  enchcaps, 
air  handler,  controller,  domestic 
^  ,    hot  water  package,  butyl  sealant  ' 

2.  Engineering  charge  400.00 
■3.  Storage 

materials  .  ,          ' .  •        ^  -500.00 

•   .  .    "labor  ^  '  -SO'O.OO 

4.  gas  hookup  ,  ^  80.00 

5.  Installation  .  -       .     ,  ^  .     ^  3,101.54 

collectors,,  ductwork,  controls,  ■ 
air  handling  unit,  etc. 

, TOTAL  COST      '  -    '  '         ^  '  $10,897.23 

^nstalled  cost  per^  unit  area  ^of  collector  $27.94 


>  1 

38  V 


Th«  economics  of 'solar  heating  will  be  evaluated  foran  actual 


\  system  under  cons  true  tj<^n  in  the/  vicinity  of  Fort  Collins,  Colorado,  to 

detctrmine^Lf-'ttte  prosp^^^ve  fuel  savings  would  be  S/ufficient  to  repay 

/  I 

*  /  * 
the  added  mortgage  costs.    Th^  cost  of  the  so.tar  system  was  $12,000.  An 

,  annual  payment  to  repay  $12,(^00  over  25  years  a^;  9-percent  interest  (the 

.  interest  on  the  loan)  i-s  $lz21.68,  which  would^  be. $101. 80  per  month.  The 

annual  payment  may  be  determi/ied  by  use  of  the- equation  : 


annual  payment/ =  (V((l+i)    -  1)  +  i),x  12,000, 


(8-1) 


where    i        interest /fate  expressed  as  a  fraction, -i.e.  ,  0.09.  A^longer 
term  mortgage  wouJd  c/ecrease  the  annual  payments  ^s.  would  a  lower  interest 
rate.    If  the  load  b/cflance  (principal)  is  reduced  by  each  monthly  payment, 
the  above  equation /yields  $100.70  per  month  by  us ing*ir  monthly  interest 
rate  of  0.75  percent -and  3(^0  monthly  payments.  ^ 

^ENERGY  SAVINGS  FROM. SOLAR  EI^RGY    -        ^         '     •  ' 


,    .  The  partic^!ilar  house  had  a  designvheating  load  of  24',00p  Btu  per" 


F-day.    Fort  Collins  has  an  average  of  6,000    F-days.    Consequently,  the 

annual  heeft  requiredfp^s  144'million  BtU  pen- year.    Energy  input  of 

8-1         '      '  '        ^  •  ^         *  ^ 

2 A  x^lO    Btu  per  year  woulfl  be  required  assuming  a  natural  gas  furpaci^ 


with  'a  thermal 


efficiency  of  0-6. 


Natura'l  gas  available  in  Fort  Collins  has  a-Btu  content  of  880. Btu 

per  cubic  footL  when  'a  local  gas-,  rafted  at  1000^ tli  per  jcubic.  foot  at 

*    -  1  ^'  ■    '  *  "*  — 

sea^level  is  de-r^ted  for  the  5,000-foot  elevation.    Thus,  the  total  gas.  - 

^ '  *  •   ^      !  *       '  ' 

required*for  heating  th,is  house  with  a  conventional' natural  gas  heating 
system  is  calcuWed  at  273,060^  cubic  feet.        examination^of^curr^ent  loca'l 
rate  schedules  (.1977)  reveals  the,  average  30,300  cubic  feet  required  per 


month  over;  a  n'*ine-month  heating  period  would  cost  $38.96  per  month  plus 


$1.50^  per  mpnth  over  the  summer  monthsjor  $355.14  per  year  at  currejit 
energy  prices.        -  j  *  - 

Solar  energy  will  supply  af)proximate1y,  *80  percent^of  the  heating 
load;  hence,  it  would  save  approximately  $281  .per  heating  season  at  • 
current-^'natural  gas  prices.    Unfortunately,  th*fs  $281  annuaV  fuel  saving 
is  a'long'way  from  meeting  the  extra  mortgage  payment  of. $1,221. 68  per 
year.  ^       *       >  "     ?  , 

Alternative  fuels  such  as^LPG  and  electricity  make  solar|^energy  more 
attractive  due  to  their  higher  energy  costs.'  If  electrici't^  were  used  to- 
heat  this  particular  house,  the  annual  electric  .cost  would  be  approximSitely 
$1,226  (^t  current  electrical  rates  $0.03/kwh),  of  wtwch  80  percent, 
$1,013,  could  be  saved  by  the  solar  system.    The  saving  is*  thus  nearly- 
enough  to  cover  the  annual  mortgage  payment  for  a  solar  system. 


I    BREAKEVEN  CALCULAT^IONS 

Energy  prices  3re  certainly  expected  to  rise  in  the  future.  Rather 
than  attempt  to  plredict  the  rise,,  one  may  ^ind  the  breakeven  point  in 
terms  of  uniform  annual  cost  for  augmented^^glar  systems  versus  conven- 
tional.  heating  systems.      ^'  '       .  . 

In  drder  to  determine  the  breakeven  cost,  one  sets  up  an  equation' 
cor:itainiRg  the  uniform  annual  co.st  of  augmented  solar  heatin'g  on  one*    i  * 
side  of  an  equaflity  and  the  costs  of  conventional  heating  on,  the  other,  * 
side,  as  shown  below. 
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BREAKEVEN  COST  WITH  GAS 
SOLAR 


CONVENTIONAL  (GAS) 


$1,221. 68/yr  for  mortgage  +  20  percent    273,000  cubic  feet  of  natural  gas 
of  c\iventional  fuel  +  electrize  per  year 

pumpin^N^costs  ?  approximately  •      -  •  '  ^ 

50  kwh/mdvQ  $0.04/kwh  '  , 

>l,221,68/y)c  +  (.2*0)  (273,000.  ft^/yr)  ($X/ft3)  +  $2/nio  (elec.')  x  12  mo/yr  ,= 
273,0'00  ft^/y\(X/ft^)  '  ;  . 


$ll245.68  =  (21g\400  ft^/yr)  ($X/ft3) 
$l,245.68/yr  =  (2l6s400)  ($X/ft^). 


Breakeven  =  $0.0057/ft 

*       '  "  3- 

=  $0.57/100  ft"^  ■ 

Thus  solar  heating^would  be  economicalrlj^  competitive  in  this  case'  if 

3 

^natural  gas  cost  $0.57/100  ft  .    How  Iqng  it  will  take  fon  natural 'gas  . 

t  *  3 

Hxr  reach  that  valtie-fmn  Its  presen^fe-v^hhfe-of  $0.1QAVbO  ft    is  anybody-^-s— 


guess.    A  rough  estimate  can^be'made  if  one  assumes  some  annual  percentage 
increases.    A  range  of  possible  annual  increases  and  the  corresponding 
years  required  to  'double,  triple,  and  quadruple  is  shown  in, the  table, 
below. 

/ 


\ 


YEARS  REQUIRED  FOR.  A  VALUE  TO  DOUBLE  XTRIPLE ,  OR  q.UA0RUPLE. 
•     ■  ANNUAL  PERCENTAGE  INCREASE. 


5% 

^  10% 

15% 

•  20^  25% 

•    ■2X  . 

14 

.  7 

5 

'A ' 

3X- 

23 

12 

8 

b  ■   \.  5 

-  /  4X 

'  28 

.15  . 

•10 

8  .  V 

The* breakeven  Cost  for  electrical  heating  for  this 
is  shpwn  below. 


jf^iculaY  house 


,1. 
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b'reakeven  cost  with  ELECTRI&ITY  >        .'^  .  ■ 

SOLAR'  '   •     •      CONVENTIONAL  (qECtRIC) 

$l,221.68/yr  'for  mortgage  +  20  percent  42,192  kwh/yr 

r 

I 


/of  electric  heating  \electric  / 


pumping  costs  @  approxim&*e4y  $2^o 


"  {$if221.68  +  $2/%  12)'+  (0.20  x  42,192  kwh/yr)  ($X/kwh)  = 

'42,192  (42^192  kwh/yr)  ($X/kwh)  "  •      _  ^        \    /  ' 

^1,245.68  +  8,438  X*=  42,192  X  ,    *    *  ' 

'"  33>?54  X  =  1,245.68  .         '  ^  - 

>\  .  ,  .       .  . 

#  "-^X  =.  $0.0369/kwh  -  ^ 

The  above  calculations  indtcate  that  natural  gas  prices  in  the  Fort 

C.ollins  area  must  increase  by.  nearly  4h   times  over  their  present  values 

before  a  solar* system* would  become  economically  competitive  with  a  natural 

 .  '  ■'  ^   '.  

gas  heating  system.    However,  present* electrical  rates  are  almost  at  a 

level  at  whi,ch  splar  systems  are  economical ly  competitive  with  electric 
« 

resistance  heating  systems.'   The  economics  of  solar,  systems  as  energy 

prices  ^increase  are  investigated  in  the  next  section. 

ECOMOMICS  OF  SOLAR  HEATING  AS  ENERGY  COSTS  INCREASE         .  . 

YEARLY  CASH  FLOW  COMPARISONS  ^  '  '     '   \  . 

^,     The  economic  attractiveness  of  residential  solajr  heating  would, 
presumably*  increase  as ' conventional  fuel  prices  increase.    Table  8-3 
shows  the  annual  tash  flow  for  a  solar  system  with  a  gas-fired  auxiliary 
system,  with  the  solar  system  provitling  80  percen^of  the  annual  heating 
Joad.  'Also  presented  is  the  annual  c'ash  flow^  for  the  conventional  heating 


TaWe-8-3/  Yearly  C|Sh»  Flow  for  Heating  with  Solar  Energy 
and^with  Natural  Gas 


'  f 

Sol  air  with  Gas  Auxiliary 

Conventional  -  \ 
Heating  : 

V 

Year 


(1). 


/     (^)  , 


(3). 
Electric 


Pumping 
Gas  @.20%  of   @  1%  Annual 
Mortgage   Conventibnal     Increase  ■ 


24- 
26* 

27 

29  ' 

31 

34 

36 

39 

41' 

44  . 

47 

51 

54 

58 
.  62  . 

66 

71 

76 

81 

87 

93 

99 
106 


1 

1222 

54 

2 

1222 

60 

3 

1222 

•  66 

4 

1222 

72 

5 

1222 

'     .  80 

6 

J  222 

88 

7 

1222 

96 

8  ^ 

^222 

106 

9 

1222  ' 

f 

10 

1222 

128 

n' 

1222 

■  '141 

12 

1222 

155 

13 

1222 

*  :i7i 

14  .• 

1222 

188 

,15' 

1222 

*207 

le'- 

'1222 

227 

1-7 

.  1252-^-; 

250 

18 

1222 

275' 

19' ■ 

■  1222-  , 

•  303 

20 

1222 

.  333 

21 

.1222 

366 

22 

122? 

403 

23 

1222 

•  ^  443 

24 

1222 

487 

25  ; 

1222  • 

536 

\\  114 


■  ;(4) 
1+2+3 


Total,' 

1300^ 
1308  ' 

•  1315 
1.323 
1333 
1344 
1354 
1367 

*  1380. 
1394 
^410 
1428 
1447 

1 468 
1491 
1515 
•1543  _ 
1573 
1606  . 
1642 
1681 
1724 
1771 
1823 
1880 


•    ,  (5)  _ 

Natural  Gas 
@  10%  Annual 
Increase 

272   ,  . 

299  . 

329  , 

362 

399'- 

438, 
,  482 

■530 

^83  ■ 

641  - 
\  706 
'  "\^76' 

854 

940  ' 

1034  ^■ 

1137 

1251'"  ■ 
S,"  1376 

1513 

1665 

1831  V- 
■  2014 

2216 

2437 
.    2681  . 


\\.{e)  . 
(^)-(4) 

incre- 
,  meata 1 
' Cash  Jlow ' 


$37,420    ■  $26,7^6 


$-10,65^ 

/ 


'  system  and  the-increnjental.  caSh  f,1oW  between  the  solar  system  and  the 

'   ■  -      -  ^  <  '     -  - .  - 
conventional  system.,'.  In  developing  this  table,  it  was  assumed  th^t 

natural  gas  prices  would  increase  at  10  Decent  per  year'and  that 

*  electricity  costs  would  increase  a:t  7  percent  per  year.    It  is'  clear  "  • 

from  this  table  that  the  solar  system '^s  not  economically  competitive. 

with  the  gas--fired  conventional  system.    This  conclusion  is  gh^^ed 

dramatically  when  one  considers  an  electrical  au>^niary  system.  These 

results  are. shown  in  Table' 8-4.    \he  rightvmpst  column  again  "pre'sents^ 

the  incremental  cash  flow  of  the  solar  System  over  the  cost.s-of  a  _ 

conventional  .system.    The  negative  values  in  the  early  years  indicate 

'that  the, solar  cost  is  greater  thannhe  conventional  cast;'but  this 

situation  reverses  afteV /iv^  ^ears.  J"he  total  savings  ovel;;  the  assumed 


•25-year  lifetime  of^  the  system  are  significant  for  t*he  solar 
xrompared  with  the  conventional  electric  he|ting  system% 


system  as 


PRESENT  WORTH  CALCULATIONS  ^ 

The  present  worth  of  the  operatini^  costs  of  the  sqJar^ystem  and  the 

— -      «  -  • 

conventional  heatir^g  ^costs,  not  including  the  mort^^ge  payment  for  the 

solar  system,  has  been  calculated,  and  the  results  are  presented  in 

Jables  8-5  and^8-6.    Table.a-5  presents  results  for  a  solar  system  with 

gas  auxiliary,  whereas-.  Table  8-6  presents  the  results  for  a  solar  system 

with  electric  auxiliar;y.    The'future  operating  costs  have  been  discounted 

to  aa  equivalent  presfejj^  worth  by  assuming  a  cbst  of  money  of  9  percent 

per  year,  the  same  .fate  assumed  for  the'mortgage.    The  present  worth  is- 

given  by  /  * 


P  =  F(V(l+i)")  •  .  '  (8-2) 


♦ 


8-n 


Tdt>'1«|p-4 


Yearly  Cash  Flow  for  Spac?  Heiting'wi 
and  v/ith  Electricity       ^         «  ' 


th  Solap  Energy  ;^ 


4- 

t 

1   J  •> 

Solar  and  Electri*  Auxiliary 

Conventional  ^ 
Heatihq ,  -          -     '  ~ 

** 

/•  (1) 

(4).' 

(6) 

> 

A- 

•  1+2+3 

m 

♦ 

* ' 

Year'  •  -Mortgage* 

'  E 1 ec t ri  ri f v 

(3  20%  of   '  (3 

Conven-tional, 

Electric 
Pumping 
7%  .Annual 
Increase 

'  TotSl 

a  1  cL  tr  1  c 
(3  h  Annual 
^  Increase 

Incre-  _^ 
mental     '  • 
Cash  Flow  ^  ' 

1 

1222 

253 

.24^ 

1499 

1266 

-233  . 

2  . 

1222 

271  ' 

26    ,  " 

1519 

1355 

-164      '  . 

3 

122? 

■  2?0 

27  .  • 

1539' 

.   •*  1.449'  ' 

■   '  90 

« 

4 

1222 

,  310 

,^9 

1561 

1551 

.  -  no 

•  5 

•  t  . 
6  • 

1222 

.  332 

1585  . 

1659 

"74 

1.22aF-^ 

34  • 

161 1 

1776' 

165  r 

7 

^  1222  • 

.  380 

3,6    ■  ' 

1638 

'  1900 

262     '  t 

-..s"' 

1222  , 

406 

.  .39' 

^1667 

2033 

366 

• 

9 

1222* 

;  435^ 

4T 

1698  . 

21V5  . 

477 

•  10 

.1222 
,  1222 

465 

44 

'1731 

 232^ 

r,  596 

*11 

'  498^ 

4*7 

.  1767  - 

.  '  2490 

7.23    •  '  " 

12 

1222 

5.1- 

1^06 

■  2665 

'  ■  859 

13 

*  1222 

570 

■  54  ' 

1846  . 

285J  . 

loor 

14 

^  1222 

-610     .  • 

58 

1890 

■305\' 

1 1 6.1 

• 

15 

.  Mil 

;       652.     '  ■ 

^2 

1936 

3264 

1328  ■ 

:  .16 

uh 

69'8 

66 

1986, 

3493  . 

1507  . 

17 
18 

Mil 
1222 

747 

799  ■ 

71 

2040 
.  2097/ 

3737 
39Sft 

.  /f697_ 
1902> 

19 

1222 

ODD 

■  '  81 

'•2T58 

*  / 

4279 

2121 

'20 

1222 

'915 

87 

'2224 

^  ''4579. 

*     2355     ■  ^,  . 

■  21 

1222 

979 

93 

2294 

4899.' 

261D5 

22 

1222 

-  55 

2369 

5242  • 

2873 

23 

>^  1222 

1121 

106 

2449 

5609- 

'  316r'  -    .  . 

24 

1222 

•  1199 

ri4  ■ 

2535  ■ 

6002 

3467  * 

25 

7222 

1283 

122^ 

2627 

6422 

y  3795      '  " 

1 

• 

■$48,072 

'$80,073  '  • 

$32,001 

ERIC 

• 

* 

I- 

* 

•'394  . 

r 

• 

t 

« 

'    '.  ■ 

< 

t 

/  * 

8-12 

.- 

•vf;;  . 

'  '1. 

*• 

» 

1 

• 

i 

Table  a-5..  Present  Worth  of 

*  *  '  -  ' 

V 

•* 

t 

Conventional 
Hpati na-  with 

' 10%  Annual 
Increase  in 

(2) 

<So'lar  Sys'tem' 
"■    ■  Without'  7 
•  Mortgage 

„  '(3)  . 
,1 

Present 
■  Worth 

\  •    .(4)    •     ••,15J   ^  . 

Present  Worth       ,    .  , 

at  9% 
>  DiscountincJ 

Year 

Gas 

Payment          Factor  at  9% 

,Conven,tional 

Solar 

» 

(2)+j(3)  from 
Table'8-3 

• 

• (3)x(ir'^  ^ 

13)X.(2)  , 

r 

.  1  • 

212  ' 

•-78 

•  • 

.9174' 

■  «250' 

* 

^2. 

.      299  ' 

86  . 

' .8417  ■  ^' 

.   ■•.  252 

79 

■  3 

'  "  329 

■■93- 

'■.1121 

*  * 

•254  ' 

10 

,  ,   1  c 

4' 

362 

101  ^  ,■ 

.  /084 

256 

*  70 

.  5 

399' 

111  - 

.6499 

259 

70  • 

6 

438 

.  r22 

.5963  ^ 

261 

70 
10 

-7 

.  ■  .482.  • 

132 

.5470  ♦  ■ 

■     264.  ^  ■ 

70 

^  .8- 

9  ^ 

« 

/  ''530 
■.  '583 

-  145 
•    ■    .  158  '  ♦ 

.5019       ^      .  766 
•  .460^.  •    .        ,  .  26&. 

70 
70  ' 

* 

10 

•      64l  ■ 

172  • 

.4224'  ^ 

271' 

.11 

706, 

188 

.3875  '  ' 

■  27.4 

17  • 

12 

.    ^  776 

206  ■ 

•  .3555  ' 

'276  •. 

•  *  7  0        '  >' 

/o 

13 

. .  854 

225"      '  ■  \ 

.3262 

\     ■  279 

/  0 
♦ 

14 

.  940 

,246  " 

.2992  ' 

2B1 

7/1  * 

/  4 

- 

1 

V 

.    f5  ■ 

1,034 

.      .  269         ■  J. 

.2745 

/284 

/  4 

16 

1 ,137 

"      ■  293 

■.•.2519 

"  '286 

7/1  ' 

\ 

'17 

1,251  ' 

321 

...231-1 

.'     .  289 

J4 

■  ■••■'\- 

18 

1  ,"^76 

'/^  351. 

^2120 

.29^ 

'  74 

.19 

1,51 3 

,   '  -384 

.1945' 

294'^ 

■      '75  • 

\ 

20 

l.,"&65*^-- 

420  ' 

,1784    .  ^ 

297  •■; 

75" 

• 

21 

J, 831 

^       ■  459 

-.1637 

300 

75  ■ 

'•  22-' 

2,014 

'    .    502  ^ 

;  .1^  • 

'  303' 

75 

• 

23 

•  '2,216'^  .• 

.549 

.1378 

^305  ■ 

76^ 

♦ 

-  24 

■  2,437 

60V 

.1264  ■  . 

;    368  . 

75' 

• 

"25  ^ 

2, §81. 

(658  ■ 

.'H60 

3^1 

-^-^ 

4 

,$26,766; 

$6,870  >  :•  _^ 

i 

$6-,  980  • 
/ 

■$1,840  ■ 

• 

-  * 

ERIC 

•  • 

< 

Economic  Ma)*.im'urii  First,  Cost 
f-or  Solar  =,"$6,980--  $1,840  =t$5,H0 

■■,  ■■-     ^39.5 •  ) 

,  K 

t 

• 
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-  «Tab.,le.8f.6;r' Present  Werth 'Of -Sdl'hr  arid  Electric 'System 


^C-o/avfintitHia"]  -        .        ■  • .  » 
:;-*v%a4;'iiig-vrth.    ^l^r  System      ?  •  '  ' 
"■'T^^ual-.  •      Wft'hou^  -.Present 


/ 


Year 


•  ] 
•  .2 
.  3 
.  4 

■5  . 
6 

7 

■  9 
10 
11 
12 

\-^14 
'  15 
16/ 
17 
18 
19 
20. 

-  ^21 
22 

24 
25 


I-n crease  .in* 
..Electricity 


Mortgage 
Payments 


1,266 
1,355'. 
1  ,449"- 
■  l",561 

t;6^ 

'l,90'0  * 

2,033-  . 
-  2,175. 

2,327 

2,490 

2,665'^' 

2,851  ^ 
-  '3,051/^ 
,  3,2fi4^'p^ 

3,493 

3,737 

3;999 

4,279 
;  4,579 

4,899 
"5,242 

5",609 

6,002 

6i42'2 


$80,073 


,  277 
,29'7r 
'  .31 1 
•'  339  -  ^ 
363 
389  ^ 
v  416  \ 
'  445'' 
>    47-6  ^ 
.  309*" 
"  -  MS 
.58,4  ■ 
524, 
668- 
■7;i4 
•  764 
81^". 
^75  " 
'  936 
1.092'  ' 
1  ,072'  . 
I,'l47  . 
'  1,227 
1,313 
^.  1,405 

.$17,522. 


.  iWor.th  • 
Factor  9t  9% 


.9.W4 

.8417 

:7722 

.  7084 

.6499 

.5963 

:5470p 

;50X9' 

^460l 

•_.4224' 
.48,75  ; 
.3555^' 

'..'3262 

';2992 
.2745  - 
.2519 


'  Present  Worth 
f      at  '9'%r 
Discounting 


Convent-ional.  Solar 


< 


.2311 
.2120 
-:1945' 
..1784  / 
.'l637 
.1502  ' 
.1378'  ' 
.1264 

.neo'- 


-  f. 


■'  (3)x(l)  . 
'1,161-  • 
l'_:i41. 
l'',.ll§ 
.  1 ,09^^ 
.1',078 
•1;059 
-"f,03^  ^ 
1,020 

1,001, ' 

983 
"  965-^ 
947^ 
930/- 
913' 
.  896  • 
.'  880. 
864 

848^" 
.  -832' 

.  '802  r  '• 

.*  .  787-, 

-759  ' 
■•  745. 


(3)x(2)  . 

2^4  . 
'  250 
245 

240  ,  - , 
.  2-36^ 
,  23€  • 

.  -2  28- 

'  223 
«  219'  * 
■■   215  - 
.  ■■  266  • 
J08  ^ 
t64^ 
200  > 
196  ' 
.'  192 
189 

186^„'  ■ 
.182^  . 
■  ^  179 
"375 
^72' 
169 
'  ■  166 
163 


V 


4f 


$23/463  $5,189 


Economic  Maximum  First  Cost  •'  . 
for' Solar  =  $23  ,'463  -•$5il89.  =  $18>2^74 
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-  -where  •  P  represents  the  presen-t  worth  and  F  represe/its  .the  future 
••••val.ue'.       -         '  ;'• 


The  presfept  worth  of ,  the  future  cash  flows  of  the.  conventional 


mating  systems  is -.$6,980,  compared  with  $l,840.fpr  the  s^l'ar  system  with'- 
out  mortgage  payment.-  The  diffe^renee  of  $5,140  represents  the  economic 
maximum- 'first  cost  of  solar  componen^idMM  money  is  wortli 

•9  percent/per.year,  ind  if  natural  gas  prices  rise'at'a  10  percent,  ] 

~  ■  <f      '     !. .    •    ■         ■  '  ^  ■  ■  ■  . 

,  cofnpounded,  annual  rate.    The  resu.lfes  are  mtlch  more  favorable  for  solar  ■ 
'  ,  '       '       '  •  /' 

when  'comp:5r^^ t}>  electric  au-xili'ai^  as.  shown  fn  Tab1e'8-6.    In  this  . 

case,  we  see  tfiat  the  ec6(Toniic:niax,f?fttjni  first  cost  for  solar  exceeds\by 

appraximately  $6, 000-the  actual  cost  of  the  s(^laV "system.  . 

There  are  other  Ta'ctors  that -one  could  considet^  in  perflhming  these 

economic  analyses.    For  example,  the  interest  paid  on  -the  mortgage "coQ Id 

>*be  used  to  reduce  the  homeowner's  personal  income  tax.    Howe^r,  or^ 

should  also  consWer  that. property  taxes,  insurances,  and  the  cost  of  the 

♦floor,  s^pace  .occupied' by  ths  solar*system  ^pVimarily  the  heat  storage  unit)' 

should  be  included  in  the  solar  system  costs,  partially  oi'fsetting  the 

savings  realized  from  income  tax  j'eductions.    For  commercial  .type 

^iftstalla-.tions,  depreciation  of -the  solar  system-would  also  represent  a 

favorable  tax.^si tuation.  "Regardless  df-wh'at  mani^lations  one  might 

perform,  the  fact  remains  that',  at  the. present  tiipe^  solar  systems  are.not 

-economically  competitive  witfl  g^  systems  in  this  reg4oR,'but  they  are 

now  competitive  witlj.  electrical  systems?  in  .this Vegion.    For  geographical., 

regions  o<th6r  than  Fort  Collins,  this  si tuati^pn -does -not  necessarily 

prevail.    Usin-g  the  techniques  present^ed  above,  one  can  readily  caTcufate  • 

t,afe:ecpnom1cs  of  solar  systems  for  any;  region' -and  any 'i  n  fixation 'rates  v  •■  ' 


•.The  economic  maxifijum  first  cost  for  a  sola/ .system |nay  i)e  determined 

'  \  '  .1  * 

very  qaickly  by  reference- to  Tables  8-7  through  8-27  .    These  tables- were 

developed  for  mortgage  periods  pf  20,  25,  and  30*years,  interest  rates 

between  8  and  12  percent,  and  annual  increases  in  conventional  fuel  costs 

betweerf  0  and  12  percent.  .  The  use  of  the  tables  will  be  illustrated  by*" 

the  fexampje  shown  in  Table  8-4.    The  mortgage  period  was  assumed  to 'Be 

25  years,  the  mortgage  inter^twate  was  9  percent,  and  it  was  assumed 

that  electricity  costs  would  increase  at  7  percent  per  year.    The  cost 

of  heating  with  electriqity  during  the  first  year  was  determined  to  be 

$1,266.    The  solar  system  was  designed  to  provide  8o!percent  of  tha 

.heating  requirements.  »  ' 

,    The*  factor    F,  shown  in  Tables  8-7  through  8-27,  i-s, defined  as 

P*^  First  Year's  Fuel  and  Operating  Cost' 

first  Yearns  Conventional  Fuel.  Cost*  '     *  .  ' 

^  /  ■    •    .    \  : 

Tfierefore,  ir^this  example,  '  *         -  . 

.    •     ' '  .  '  y 

r  -  253  +  24  _    57  :      .   ■    »  ■  • 

1,266  ^"        •        .       .  - 

We  will  have  to'  interpolate  since  there  Is  no  table  for  the  assumed  annual 
rate  of  fuel  increase  of  7^  percent.    FrOm  Tables  8-17  and  8-18  we 
see  that*the  cost  factor  is  13.0593  for  6-pijrcent  annual  rate  of 
fuel  increase  and  16.0522  for  8-percent  annual  rate  of  fuel  Increase. 
The  .economic  maximum  first  cost  for  soyr  is  determined  by  multiplying 
the  njel  cost  factor^by  the  first  year 's' conventional  fuel  cost.     ,  . 


S.  E.  Huck,  "Design  Charts  for  Solar  Heating  Systems,"  M.S.  Thesis, 
Department  of  Mechanical  Engineering,  Colorado  St^te  Universitys 
Fort  CoUins,  Colorado  80523  *(1976).  '  - 
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Therefore,  we  obtain 


EMFC  =  ($1  ,266)  '(13.0593) 

=  $16i533  ^  {6%  ARI) 


and 


«  .EMFC  =  ($1  ,266)  (16.0522) 

=  $20,322  (8%  ARI)  , 

we  nee'd  to  take'  one-haff  the.  difference^etween  these  two  values  and  ^dd  ' 

this  to  $16,533  to  determine  the  economic  maximum  firs"t  cost  for  solar 

for  the  assumed  7-percent. annual  rate  of  increase  ija  fuel  costs.  -W^ 
obtatn\                               '         '  . 

EMFC  =  $16,533  +  0:5(20,322  -  16,533) 
,  -  =  $18,427  . 

The  detailed  analysis  in  TabTe  8-6  resulted  in  a  figure  of  $18,274.  The 
•slight  difference  is  due  to  round-off  in  our  calculations. 

*  The  cost  estimate  f or  ^  given  solar  system  should  be  compared  with 
the  economic  maximum  first  cost  for  a  solar,  system  in  order  to  determine 
■if  the  solar  system  should  be  installed.    If  EMFC  exceeds  the  estimated 
cost,  then  it  would  be  economically  advantageous  for  the  owner  to 'install 
the  solar  system.    Typically,-^  curve  such.as^that  shown  in  Figure  8-1  • 

.  should  be  developed.    The  two  curves  shown  in  this  figure  represent  the 
economi'c  maximum  first  cost  cfnd  the  estimated  cost  as  functions  of  the 
collector  are^.    The  points  of  intersection  represent  breakeven  points. 
That  is,  the  solar  system  and  the^onveritional  system  w^uTa^ave  equal 
costs  over,  the  lifetime  of  the  mortgage.    The  shade^  region  between  the 

.  two  curves  represents  a  region  in  which  the  solar  system  would  have  an 


/ 
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economic  advantage  over  the , con vend onal  system.    The  optimal  collector 
area  would  be  at  the  [joint  of  maximum  separation  between  the  two  curves. 
Jn  this  ca^-e  that  would  be  at  approximately  400  square  feet. 


ALTERNATE  APPROACHES  ' 

V  / 

There  are  several  alternate. approaches  to  performing  economic 

^nalyses,  but  most  lead  to  essentially  the  same  conclusions,  depending, 
*'  » 

.  of  course,  upon  what  assumptions  are  made*.    One  of  the  alternative  methods 
is  an  analysis  procedure  programmed  into  the  interacti ve.colnputer  pi'ogram,  ' 
developed  at  the  University  of  Wisconsin. 

If  desired,  the  program  will  perform  a  life-cycle  cost  economic 
analysis  which  compares  the  costs  of  the  solar-assisted  system  with  the 
"costs  of  the  conventional  system' on  a  present- value  basis...  TTie  program 
.estimates  the  timing  and  amount^  0/  annual, cash  flows  using  the  following- 
equations:  ,  ■  ■    '  - 

yearly  cost  =  mortgage  +  backup  system  +  misc.  +  property  tax  -  income'tax 
wUh'.solar     payment         fuel  costs       costs        incr6J5«-'  .    -decrease  ' 
''^ '       .      ■      ■  with  solar  * 

yearly  cost  =  conventioaal  system  -  income-  tax 
W/o  solar  •   ,       fuel  cd^  decrease  ^  - 

/  w/o  solar  '     .  *     .  ; 

The  terms  are  defined-  in  the  following.    It  is  assumed  that  the  solar' 
backup  system  is  identical  ^to  the  conventional^h^ating  and  domestic  water  --, 
system.   Therefore,  only  'the  additional  investment  due-to  the  solar  system  • 
need  be  consfdered  in  tfte  analysis.  '-    '     ' .'**.''' 


< 
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-  :•  •  ■  ^ 

USE  OPTIMIZED  CdlLECTGR  AREA  =  1,  SPECIFIED  AREA  =  2 

Tffe  user  specifies  a  collector  , area  via  system  parameter- number  21 

However,  if  an  econdniically  optimized  collector  area  is  desired,  the* 

program  ignores  the  s^cified  colleGjtor  area  and  performs  a  numeric-al 

*  •*  " 

search  for  an  optimum- area.  The  criterion  used  is  to  find  the  collector 
area,  which  mirrimized.  the  present  value  of  all  of  the  yearly  costs  of  the 
soUr-assis ted  system  over  the  period  of  ahaTysis.    *  ^-     .  - 


PERIOD. OF  THE  ECONOMIC  ANALYSIS  -     -  ' 

This  specifies  the  number  of.years  over  which  the  life-cycle  cost  , 

analysis  will,  be  performed.     '  ^    .   -  f    '  •      -  * 

#  ^ 

^  COLLECTOR  AREA  DEPENDENT  COSTS  '         .    '  *  '  -       '  ' 

^  o  ^  .  ^  _ 

Some  of  tjie  extra  costs  of  a  solar  heating  system  above  the  • 

conventional  system  are  eel  lector  ^ea  dependent.    These  include  the 

•  < 

^cost  of  storage  and  of  ^  the  collector.  ^  * 


CONSTANT  SOLAR  COSTS 


•  This  r§feri  to , extra 'co^J^ts  of  solar  heating  systems  above^the 
conventional  system  which  are  not  dependent  on  the  collector  size. 
*V       Examples  are  costs  for  architectural  modifications,  piping  or  ducts, 
"^ontrols,  pumps  or  blowers,^  etc.  ,  ,         ^  ^ 

■■■■     >  -   ■      ■   '      ■  ^ 

*   •       DOWff  PAYMENT  (%  OF  ORIGINAL  INVE-sfMENT)- 

•    ^      \^  ^  '     '       '    .  , 

^  ^The^riginal  investment  refers  to  the  eKtra  investment  required  to 

put  ,in  IKe  solar  system,  .Therefore,  the  percentage  whicJi  is  paid  dov/n 

^  '  on  the  solar. system  equals  the  ratio  of  the- incremental  increase  in  the  , 
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dewn' payment  required  by  the  lender  to  the  incremental  Increase  in' 
the, size  of  the  laan  required  dye' to  the  solar  system.  ' 


ANNUAL  INTEREST  RATE  ON^  MORTGAGE 

Jhis  irjthe  annual,  interest  rate  charged  by  ypur  lenden 

J.  •« 

'  TER^f  OF-T^.E  MORTgW'  '  '    '.1  -  -..  , 

■"*■'•■-<•'-"  •  ,        . .  ' 

.    The  number*  of  ye^ir.s  over  which^ou  uTast  pay  off  th'e'-loan. 

ANNUAL  NOMINAL  (MaI^KET)  "  D'l-SGOUNT  FlAT£         '  ' 

This,  refefS'  to  tm  Annual,  rate  Q.f  return  which  you  make  with  your  ■ 

.-money  in  your  best  inVes«fem_ent  op{)ortunity.."Th^  annual  nominator  market, 

'  K  - 

.'rate  af  return  equals  the* real  rate  of  return-plus  the  general  inflation 

■      '        ■•■   .  '      .  ^  . 

rat^-.    For  th$  typical  homfeQw'ner,  the  reaT rate  of  return  is  1-2  percent;  . 

for  busines's,  3-4  percent-. 

EXPEfjSES  ( INSURANCE /WAINTE'NANCE)  OF  SYs'TEH  IN  FIRST  mR  ^ 

>n  additional  yearly,  expensed  due'  to  the  so1ar^systenl  which  cannot 

'     *    \  •  ^       .  *  ^  • 

be  i:(iput  ^nywhere^lse'-sKould  tfe  incl(uded,  here* 

♦  V  .    '  »        .  ' 

•  *  *  * 

.  ANNUAL  INCREASE  INi ABOVE^PENSES  ,  /  TS^. 

.   ,  -Allowance  cafi  be  made,  for  fhe^annual  rate  of  increase  of  insurance 

.    ^  '  '     .      -v  '  >^  'V 

and  maintenance  cost?  {-i.e.,  the  gerteral  inflation  rate)  via  this  * 
parameter.  .     .     ;      • -   »    ^    ,  ^.^t         >  ^ 


■  t  -  PRESEKT  tost  OF  AUXIilARY'  FUEL  (CP)    .      *      *      '  '    •  '  . 

>    ^        .       Thi§  is  the  actual  present  cost' of  the  backup  system  fuel,  times-'lOQ,  ' 

divided  by  the  efficiency  of  the  backup  system  heating  unit.    The  actual        *    .  \' 

ERJC  ■   ....      -    ■  .  .■.,•.■,■/■.■,.' 


1 


present  cost  of  the  fuel  should  include; any  fuel  adj^istment  charge? 
b^ond  the  standard  rate.-.' 

•  •■  ■ '  •  ;■  /, 

CF  RISE:  ■  LINEAR  =      %/yr'=  2,.  SEQUENCE  OF  VALUES  =  3  '  \^ 

The  prograrp  user  may  .ftllow  fue,l.,costs  to  rise      any  of  three., 
possible  ways  so  that  afiy  scenairio  can  be  investigated.    Thes^  increases 
should  include  general  inflation  .plus  any  net- increas^es  in  fuel  costs. 

•        *'  '  '  •  ■ 

IF  1,  WHAT  IS  THE  SLOPE  OF  CF  INCREASE?^  ^  •  '  •    '  '  * 

If  a  linear  fuel  Cost  rise  is  assumed,  the^ slope  ^f  increase-fs 

required.    Otherwise  this  parameter  is  jgnored.' 

e    -    -      '  >         •  *  ♦  '  . '  * 

.    '     \  '        ^  { 

IF  2,  WHAT  IS  THE  ANNUM-  RATE  OF  CF  RISE? 

"  \  '  ]   V  • 

If  a  %/yr  fuel  cost  rise^is  desired,  the  annual  rafe.  of  fuel  cost 
increase  must  be  input  here.    Otherwise  this  parameter  is  ignored. 


ECONOMIC  PRINTOUT  BY  YEAR  =  1  >  CUMULATIVE  2 

If, a  yea-rly  printout  i%  desired,  several  cash  flows  are  printed  each 
year  of  the  econcinic  analysis.    If  a  cumulative  printout  i?  desired,  the 
/^present  value  of  th&  yearly  costs  over  the  period  are  output  for  the  , 
builjding  with  and  without  a  ^olar  energy  system. 

EFFECTIVE  FEDERAL -STATE  INCOME  TAX.  RATE 

State  income,  taxes  paid  are  deductible  on  federal  'returns;  therefore, 
the  effective- federal-state  incoqie  tax  rate  is  calculated  as  ^  ir 

Effective  Rate  =  Federal  Rate  +•  State  Rate  -  (Federa.1  Rate)  x^State  Rate) 
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TRUE  PROPERTY  TAX  RATE  PER  $'oF  ORIGINAL  INVESTMENT     '    ^'    .    '  •; 

Property  tax  rat^s  are^  appi ied'-to  your  ass^sed  value'.  Therefore,' 
an 'estimate  of  assessed  valuers  ^a  percentage  of  original  investment  is 
\  require'd  so  that 

■  .    ^  Tax  Rate    .  •    _       Tax  Rate   •  (     /  'Assessed  Value  x 

$^ Original  Invest.     ^Assessed  Value'     ^Original  Invest.'. 


INCOME-PRODUCINOUILDING?    YES  .=•  1 .  -2 

^The  economic  analysis  for  comjiercial  and  residential  buildings  is 
different  because  businesses  benefit  frbni  more-incOme  tax  deductions  due 
to  the  , added  ^investment  required, for  the  so,1ar. heating"  system.    For  the 
homeowner,  interest  and  property  taxes  paid  are, deductible  on  'income- 
taxes.    For  a  bui|'iness,  interest,  depreciation,  fuel  e^tpen§es,  property 
taxes  and  maintenance  and  insurance  costs  'are  all  deductible 

your  .building  is.  not  income-producing, and  does  not  qualify  as  a 
business  investment,  the  remaining  paraoieters  are  ignored. 

the  yearly  cost  e^ations  w^re  given  earlier.    For  a  non-income- 

producing  building,  such,  as  a'  residence,  the  income  tax  terms  are  given 

below.         \         -  »  ^ 

....  ^  ' 

income  tax  =  tax  x  (interest  paid  +  property  tax^paid) 
decrease  rate 

with^  solar'*  "        .     '  •  • 

iacoiiie  tape  =  0.  .  ^  ' 

decrease  *  *  "         ■  * 

w^o  solar  .  J 

However,  for  a  commercTial  building  th*e  income  tax  terms  are  as 

follows:         ^  '     "  ■ 

A  '      ^  '  \  '  '  ^  - 

income  tax='tax  x  (interest  +  property  +  ml^c.  +  backup  system +  deprectation) 
decrease^^w-'rat-e        paid         tax      expense     fuel  cost 
with  solar  paid  ,    '      •   .  > 
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income  Ux.^  tax  rate  x  (conventionars^^tem  fueTcosts) 
decT^ease        \  *  •  ' 

w/o  solar 

Al though  commercial  building  owners  haVe  more  income  tax  deduQtions 
due  to  the  solar  .investment  than  homeowners  they  do  ntvt  save  as  much  in 
fuel  costs  since  fuel  costs  are  deductible' whether  or^t  they  install 
a.  sjjlar  heating  system,,  '  \  .  y 

Keep  in  mind  that  Che  interest,  property  t^,  misce^l^ineous  expense, 

'  \    '      -     •  . 

and  depreciation  deductions  refer  only  to  the  incremental  increase  in 

these  deductions  due  to  %he  solar  Investment.    Therefore,  these  terms  do 

not  apprear  in  the  "without  solar"  income  tax  decrease  equation. 


DEPREHATION:  STRAIGHT  LINE  =  K  DECLINING  BALANCE  =  2>  SUM-OF-YEARS 
-  DIGITS  =  3,  NONE.=  4  :  i     ^  x  

Any  of  the  standard  methods  of  depreciation  can  be  used.  Depreciation 

deductions'  due  to  the  extra  investment 'due  to^^.p^^V,  are  galcijlated  in  order 

'   to  estimate  the  income  tax  savings.  '  '  .  ■ 


IF  2>  WHAT  PERCENT  OF  STRAKSHT-LINE  DEPRE'CIATION  RATE  IS  DESIRED? 

'  ^  ^  ^  ~  \ 

The  federal  government  allows' several  rates  at  which  investments  ^ 

can  be  written  off  using  the  declining  balance  method"  These  rates  are  ' 

expressed  as  the  percent  of  sti^jflht-line  depreciation  rate  allowed. 


USEFUL  LIFE  FOR  DEPRECIATION  PURPOSES 

V^,^This  i^  the  length  of  >time  over  which  you  intend  to  depreciate  out 
your  investment,  •  .  '  -  * 
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SALVAGE  VALUE  AT  END. OF  DEPRECIATION  PERIOD 

An  estimate  of  the  system's- salvage  val-ue  at  the  end  of  the 

*  t 

depreciation  period  i%  required  in  orrfer  to  calculate  depreciation. 

This  procedure  v^ill  be  illustrated  duriag  the  computation  sessions 
using  the  interactive  computer  terminal.  '    *  .  -  ' 
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Table  8-7.  .  Fuel  Cost  Factors 


ANNUAL  RATE  OF  FUEL  INCREASE  =0.00 
NUMBER  OF  YEARS  =  20 


F 
.10 
.12 
»ik 
.16 
.16 
.20 

•  .22 
.Zt* 

f.26 
.28 
.30 
.32 

•.3«» 
.36 
,36 
.<»0 
.^2 
.  .1*1* 
.kS 
.(»8 
.50 
.52 
.5«» 
.56 

.5e 

.  .-60 
.62 
.bt« 
.65 
.68 
.7'Q 
.72- 
.71* 

..76 
.78 
.80 
.82- 
.61* 
.86 
.88 
.90 


<  0.08 

8."  8363 
8. 6^00 

6.  '♦'♦36 
(i.ZkJZ 

,  8.  tf509 

7.  B5i*5 
7.6582 
7.t^61^ 

'.7.265'^ 
7.  0691 
6.  8727 
6.6763 
6. '♦800 
6.2836 
6. 0873 
5.8909 
5.69'^5 
5.  '♦982 
5.3018 
'  5. 105^ 
'♦•9091 
'f.7127 
'♦.5163, 
^♦.3200 

3.9273 
3.  7309 
3.  53«^5 
3.3382 
3.1U18 
2.9«^5'^ 
2.  7«^91 
2.  5527 
2.356«^' 
-2.1600 
,1.9636 
1. 7673 
1,5709 
1.  37'^5 
4.1782 
.9818 


0.09 

-  8.215  i 
8.0331 
7.8505 
7.5680 
7.«^85«^ 
7.3028 
7.1'203 
6. ,357  7 

t  6  i  73i(X 
6  72  6 
6. .3900 
6.207'^ 
6.a2'^fi 
5.3«^23 
5^6597 
5. '♦771 
5.29V6 
5.1120 
'♦.929'^ 
'♦-.7«^68 

'♦.3317 
'♦.1991 
(♦.0166 

'3.83«^0 
3.&51«^ 
3. '♦688 
3.2863 
3.1037 

■  2^.9  211 
2..7386 
2.556  0 
2.373'^, 
2.1909 
-2.0033. 
1.  825  7  • 
1.6<^3i 

1.278  0 
V.095'^  - 
'.9129' 


_  0.10 

7.6622 
,  7.'»919 

-  7.3217 
7.,15m 
-  6.98U 
6.8139 
6.6<^Q6 

,6. '♦703 
6.30  00 
6.1298 
5.9595 
5.7892 
5.6190^ 
5.'^«^87 
5.278«» 
5.1081 
'♦.937^ 
'♦.7676 
^♦.5973 
^  '♦.'♦27i 
'♦■.2-568. 
^♦.3865 
3.9162 

3.5757 
Z.kQSt* 
3.2352 
3.06'^9 
'  2.89'^6 
2.72'^3 
2.55'^1 
2.3838 

.  2.2135 
2iO'^33 
1.8730 
1.7027 
1.532'^ 
1.3622 
1.1919 

'  1.0216- 

.asi^^ 


0.11 

7.1670 
7.0077 
6.j5«^85 
6.6892 
6.5299 
6.370.7 
6.211'^ 
6.0521 
5.8929 
5.7336 
5.571*3 
5. '♦151 
5.2558 
5.0965 
(♦.9373 
'♦.7780> 
'♦.6187 
'♦*>595 
'♦'.?0  0  2 
'♦.£'♦■0  9 
3.9817 
3.822'* 
3.6631  ' 
3.5039 
3.3'^'^6 
3.1-i53 
3.0261 
2.j3668- 
2.7075 
2.5V83 
2.3390 
2.2297 
2.07^5 
1.9112 
1.7519 
1.5927 
l.'^33'*  . 
■l.27'^l 
■1.11'»9 
.tf56 
.796  3 


'0. 12 

6.7225^ 
6.5731^ 
6. '♦237 
6.27'^3 
6.12'^9 
5.9756 
5.8262 
5.6768 
5.527i^ 
5.3780 
5.2286 
5.0792  • 
'♦.9298 
•  '*..760i* 
'♦.6311, 
'♦.'♦817  - 
'♦.332* 
.<*..1829 
"i\0335 
3,.88'^1- 
.  3.73*^7 
3.5853 
3. '♦359 
3.2666 
3.1372 
2.9878 
2.838'#  ' 
2.68  9  0 
2.53  96 
2,3902 
2.2'^08 
2.091'^ 
1.9'^21 
l.79Zt 
1.6'^33 
l.'^939 
1.3'^ '♦5 
1.1951 
l.0'^57 
18^63 
.7'^69 


'    >     8-26  t 


Table  8-8.-  Fuel  Cost  Factors' 


•'ANNUAL  RATE  OF  FUEL  INCREASE  ?  ."02 
NUMBER'  DF  YEARS  =20       '  ■ 


.1 

F 

..10 

.12  ' 

.18  / 

.20 

.22 

.2«» 

.26, 

.2? 

.30 

.32 

.3'» 

.36 

.38 

.(»0 

.'♦2 

.«♦«♦ 

.h6 

.'♦a  . 

-.50 
.52 
.S^ 
.56 
.58 
.60 
.62 
.6{» 
.66 
.63 
.70 
.72' 
.7t» 
.76 
.78 

.8a 

.»2 
.8W 

.86-  ' 

.88 

.90 


O.Cd 

10.  2175 
9*9908 
9.  7638 
9.5367 
9.  309*6 
9.  0826 
-8^  8555 
8.  626(» 

8.  '♦om 

ff.  17'»3 
7.9'»72 
7.  7202 
7.  '♦931,; 
7.  2661 
7.0390 
6.  8119 
6.  58(»9 
6.  35  78' 
6^13  0  7 
5.90.37 
5-.  67&6 
5.  '♦'♦95 
5.2225- 
'♦./395^^ 
'»V7(i83 
'♦.5'*13 
'♦.  31'^2 
'♦.  0872 
3. 8G01 
-  3.6330 
3.  '♦060 
3.  1789 
2.-9518 
2.72'^8. 
'2.'»977. 
2.2706 
2.  0'^36. 
1.  816  5- 
l.'589*t . 
1.36^'^ 
1.  1353- 


0.0  9 

^.'♦'♦82 
9.23B3 
9.0283 
8 . 818  3 
8i6a8<^ 
.  3i393'^ 
8. 1885 
7.9785 
7*.  7685 

•  7.5586 
7.3'^86 

•  7.1387 

•  -6.92;5.7. 
6.718.7 
6.5088 
6.2988 
6.0888 
5.3789 
5 . 668-9 
5. '♦590 
5.2«»90 
5.0390* 
'♦.'3291 
V.6191- 
^♦.'♦092 
'♦.1992 
3;  9892 
3. 7793 
3.5693 
3.359'^ 
3.1'^9'^ 
2.939'^ 
2.-729  5 
2. '5195 
2.3096 
2.0996 
1.8896 
1.6797 
1 4^697 
1.2598 
1.0'»98 


0.10  . 

3.7651 

8.3756 

8.1808 

7.9860 

7.7912 

7.5965. 

7. '♦017 

7.^069 

7.0121 

6.8173 

6.6225 

6. '♦278 

6.23  30 

.6.0382 
5.8'^3'^ 
5.6'^86 
5\Tt539 

'5.2591' 
5.06'^3 

'  '♦.8695 

'♦.'♦600 
,  '♦'.2852 
(♦.090<i 
,3.8956 
3.7003 
3.5061 
3.3113 
.3.1165 
Z.3Z17 
2.7269 
2.5322 
'2.337i» 
2.1'^26 
i.9'^78 
i.7530 
-  1  .5582 
1.3635 
1.-1687 
.9739 


.  o;ii 

8<I-569  . 
7.9757 
7.79'^'^  ' 
7.6131 
7. '♦319 
7.^506 
7.0693 
6.8331. 
6.7068 
6.5^55 
6.3'^'^3 
6.1630 
5.9317 
5.8005 
5.6192 
5.'f379 
5.2567_ 
5.075A 
'♦.39'^2  • 
'♦.7129 
{♦.5316 
'♦.350'^ 
'♦.169.1 
3.9dr8 
3.3066 
3.6253 
3.'»'^l0 
3.2623  ' 
3.0  815  I 
2.9002 
2.7190  '  • 
2.5377 
2.'356'^ 
2.1752 
1.9939  > 
1.S126 
l.&31<^ 
l.'^501 
1.2689 
1.0376 
.906^ 


-  0.12 

7.6136- 

7. '♦«♦'♦'♦ 

7.2752 

7.1Q60 

6-.  93  6  8 

6.7677 

6.5985 

6. '♦293 

6.2601 

6^0909 

5.9217 

5.7525 

5.5d'33 

S.'^lT?! 

5.2'^'^9 

5.0757 

.  '♦.9065 
'♦.737"'^ 

.'♦.5682 
'♦.399  0 
^♦.2298 
'♦.0606 
3.891'^ 
3.7222 
3.5530 
3.3333 
3.21'^6 
3.0'^5'^ 
2.3  76  3 
2.'7071 
2.93  79 
.  2.3687 
2.1995 
2.0303 
1.3611 
1.6919 

^^•522  7 

i?i.3535- 
1.18%3 
1.0151 
.8(f60 
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Table  8,-9.   Fuel  Cost  F-actors  : 


ANNUAL 
NUMBER 


F 

..IQ 
.12 
.11* 
.16 
.18 
.■20 
.22 
.Zk 
.26 

^  .28 
.30 

-.32 
.3<» 
.36 
.38 
.«»0 
.^♦2 
.'»'» 

.'♦a 

.50 
.52 
.5k 
.5i 

.60 
.62 
.6<* 
.66 
68 
.70 
.72 
.7<f 

ii78 
-.80 
.82 
.f!f* 
.  66 

.as 

.90 


ATE  "of  fHJEL  DJCREASE 
OF  YEARS  =20  .  ^ 


0.0.8 

11.922.7 
11.6578 
11.  392  8 
II.  1279 
10.  862.9. 
.10.5980 
■10.3330 
10.  0681 

9.  8C31  , 
'9.5  382' 

f.2732 

9.  00) 

8.7' 

7.9'»85 
7.6835 
7./«»18  6 
7/1536 
/.  8887 
5.  6237- 
6.,3588 
6.0  93  8 
5.  8289 
5.5639 
5.2990" 
5.  03«»0 
>*.  7691 

.'♦.2392 
3.97V2 
3.7093 

3.179«» 
2.91'»'» 
2.6'»95 
2*38'»5 
2. 1196 
1.85'f6  . 
1.5897 
1.32<t7 


0.09 

10.9626 
10.7190> 

iti^.  1*751* 

10.2318 
•.9.9382 
9.7«»«»6 
9.5010 
9.2573 
9.0137  • 
.  8.7701 
8.5265 
8.2-329 
8.0  393 
7957 
7.*5  52  0 
7  .  308'* 
7.06U8 
6.8212 
6.5  776 
6.33(»0 
6  .  0  30 1* 
5.8i*S7 
5.6031 
5.3595 
5.1159 
'♦.8  723 
'♦.^287 
'♦.3851 
'♦.I'^l'^ 
3.8978 
3.65'^2 
3. '♦106 
3.1670 
2..92.3'^ 
2.6798/- 
2rf'^36l^ 
2.1^25. 
1.  ^'♦89. 
1 ; 725 3 
l.'^617 
1.2181 


0J» 


0. 10 


10.11'^6 
9.8898 
9.6650 
9. '♦'♦02 
9.a55 
3  .9907- 
8 .7659 
8.5'^12 
8,  316'^ 
3*a916 
7.866» 
7.6'^21 
7.i*t7} 
7.1926 
6.9678 
6.7t»30* 
6.5183 
6.2935 
6.3687 

5  .6192 
5.39'^'^ 
5.1697 
'♦.9'^«t9 
'♦.7201 
'♦.'♦95'^ 
'♦.2706 
■'♦.0'»58 
♦3.8211 
3.5963 
3'.  371$ 
3.1'^67 
2.9220 
2.6972 
2.472'^ 
Z.Zi*77 
2.0?29 
1.7981 
1.573'4 
1.3'^8& 
1.1238 


0.11 

.  9.362  9 
•  '9.15'^8" 
8;'9'^68 
3.73  8  7 
8.5307 
8 . 35;,2  6 
8.11't5 
7.9065 
7.693'»' 

•      7.'r90  3'' 
7  i  2^82  3 

;|.:V^.8661 
'  6.6581 
6.«^500 
6^2'*4.9- 
'  6.0339 
^  5.8258 
5.6177 
5.<*tJ97. 
572016 
'♦.9936 
'♦.7855 
.  'f.577'^ 
«f.369'^ 
'♦.1613 
3.9532 
3.7t»52 
3  ;'5  3,7  1 
3.32S 0 
3.1210 
2.9129 
2.73h8 
2.'*068 
"2.2887 
2.080  6 
,  1.87c'6. 
1.66'^5  ^ 
1.4565 
l.ZkQ'* 
.1.0 '♦0  3 


.    0-.  12 

8.6946 
8.50 14 
8.30.8 
"8.115 
,  7.9el7' 
7.72L85 
7.5353 
7.3'^21 
7.l'^d'9 
6.955  7 
6.7625 
6.5693 
6.3760 
6.182  8, 
5.9896 
5.7'96'^ 
5;6032 
5.^100 
5.2168 
5.0235 
4.8303 
4 .637 1 
4.'r'^39 
4.25  0  7 
4.0575 
3.8643 
3.6711 
3.4778 
3.2846 
3.0914 
2.8982 
2.7050 
2.5118 
2.3186 
2.1253 
1.9321 
1.73  8  9 
1.5.457 
1.3525 
1.1593 
;9661 
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Table  8-10.    Fuel  Cost  Factors 


■  AWNUAL  RAH  QF  yUEL  INCREASE  .= 
/NUM.8ER  OF  YE<IrS  TSj;  20  / 


0.0  8 


.10 
.12 

.16 

:% 

.22 

.2(» 

.26 

.^3 

.30 

.32 

•  J**. 

.35' 

.38 

.(»'0 

.(»(» 


u^3l 


,  0.09 

1^.932t» 
i2'.5''f73 
12.2621 


13.W243 
1.3. '♦IZS 
13.100«»^  1  1.9769 
12.  7885  11.6918 


12»tt766 
12. 16«»7. 
11.  852.8 
,11.  5h0  8 
11.228^ 
10.917a 
fO.  6  051 
10.2932 
9.93.13. 
9^-6  6  9  <♦ 
'9.  357«« 
■.9..,0'»55 
8.7336 
8U217 
8. 1398 


.50  Vv.  7.  7'979 


.52. 

.5> 

.56 

;58 

.60  i 

.'62 

.&<» 

.66 

.68 

.70 

.72 

.74 

.?6  ' 

*78 

.80 

.82" 

.86 

.  8S; 
.9-0 


7.. '♦86  0 
■7,  17i»0 
6.8621 
6.550  2 
6.2383 
5.926A 
5.61«»5 
5.3J26 
"'♦.9906 
A. 6787 
'♦.3668 
'».05'^9 

•3.  7'»yo 

^.'♦•/il 
J.  1191 
2.80  72 
2. ''♦953 
2.183l(» 
l.8?l$ 
1. 5596 


11. '♦066 
11.12t'^ 
10.6363 
10*5511 
10.2660 
9.9808 
9.6956 
9.«^105 
9.1253 

8.5550 
•  8;2698 
7.93'^6 

•  7^6995 
/.'♦l'^3 

'  7.1291 
6.6'^'^0 
6.5588 
g7?736^ 
5. -3385 
5.7.>33 
5'-»«+181 
'5.V3-30 
•♦.;»478 
'» .  5-62  6 
'♦.2775 
3.9  323  ' 
3.7071 
3. '♦22  0.'' 
3.1368. 
2.3517 

«R^»5665  . 

£^.2813 

-11.9962 
1.7110 
I. '♦258 


.  06 


0.10 


11, 
11, 


9, 
9, 


8  , 
8^ 
7, 
7, 


7738  , 
5122 
11.2505  . 
10  .-9889 
.10>.7272 
10  .'♦6'56 
10.26'^.0" 
9.9'^23 
9.6807 
'♦190 
157'* 
8.3958 
fl.63'^1 
3725 
1108 
8'^92 
5876'v 
7. 325^ 
7.06«^3 
6.8026 
6.5'^10  • 
6.2/9'*, 
6.0177 
:5.756i 
5.'+9'*'» 
5^2328 
'i.9712 
A.>095 
"'♦.'♦'♦79. 
'♦.1862  V 
3.92'^6"" 
3.6630 

3.1397  . 

2^8780 
•2,"6i.6'^^ 
'2,35'^a 

2.0931  ' 

r»^'3i§ 

i;5698 
l..3TJa2  ' 


'0«.li 

•  .         •  ^ 

10  .8397 
10%  5  98  8 
10.^^580 
10.1171 
9..3762 
9.6353 
,9.39'^'^ 
9.1535- 
8.9127 
8.36718 
8.*'»3  0'9 

•  64.1900 
7 .  I^^^l 
7.</0  82 
7.^67'^ 
7.2265. 

•  6.9856 

6.5338 

6.2629' 

6.0221 

5.7612 

5.5'^0'3 

5..299'^ 

5.0535 

'♦.817-7 

'♦•.576  8  . 

■  '♦.0950 

s.aSt^i 

.  3i,6132 
J..372'^ 
3.;i315«. 
2.8906 
2.6'^97 
2. '♦088 
2.1679' 
1.9271 
1 .686?  , 
1  .'♦'♦S^S- 
l.aO'^'^ 


0.12 

10.0129 
9.790'^ 
*  9.5679 
.  9.3«»5'^ 
9.1229 
8.900'^ 
8.^778 

6. ''♦^5  3 
.8.2328 

8.0103 
7.7878 
7.5653 

7.  ^'^28 
7.4203 
6.3978 
6.6753 
6. '♦528 

'  6.2302 
6,00  77  ' 
5.785e, 
5.56<2^' 
5.3402 
•r.1177 
'♦.8952, 
.'♦.6727' 

knm 

^r^00  5  2' 
3.782  7 
3.56dl 
337b 
1151 
2.892  6. 
2.6701 
2.M76 
^.2251 
\2.0026 
1«7.801 
1.5576 
1.3351 
1.1125  ■ 


.3. 


• 

ERIC 
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Table  8-11.    Fue'l  Cost- Factors 


ANNUAL  RATE:  OF  FU^L  INCREASE  =  .08 
NUHScR  OF  Y^ARS  =  20  . 


"  0.08 

,1^.6667 
-16i  2.963 

.  15,9259 
15.^556 
15. 1852 
If*,  81'»8 

l<t.  07U1 
13.  7037 
13. 3333 
12.9630 
12.5926 
12.  2222 
11. 8519 
11.«»815 
11. 1111^ 
'  10.  7U0  7- 
10.370^ 
10.0000 
>  9.6296- 
9.2593 
8.  88A9 
.  8.  5185- 
8.1<»8f 
7,7776 
7.«»07t» 
''•7.^0370 
6.6667 
6.2963 
5.9259 
^5.5556 
5.1852 
f».  81U8  ■ 

>.0  7<»i 
3.  7037 
3.3333  / 

"  2.9630  / 
2.59261 

'  2.-2222  / 
1.8519 


^0.0  9 

•   

15.150  7 
I^^.SIUO 
1U.U773 
l'»,.l«»0  7 
13.80(»O 
13. '♦673^ 

I.  3.130  6 
12.7^3  9 

•  12. '♦'573 
12.120  6  , 

II.  7839 
11.UU72 
11.1105 
10.  773-8 

,  10. '♦372 
.  10.100  5' 
9.763  8 
,9. '♦271 
9.09tf«^. 
8.7537 
8. '♦17.1 
8.080<^ 
7.7U37 
•  7^'^07Q 
7.0703 
'  6.7337 
6.3970- 
6.0603 
5.723  6 
5.3869" 
5.0502 
<».7136  , 
•^.3769* 
-  '♦.fl«^0  2. 
3.703  5 

•  3r3668 
3.0  301  • 
2.6935 
2.35^8' 

.  2.0.201 
1.6a3(» 


0 . 10 

13.6230 
13,£159 
13.2037 
12.9015 

i2.5grt^3 

^  12.2871 
11 .9800 
11.6728 
11.3656 
11.0.58U 
10.7512  » 
10.«i4«^l 
10.1369 
'  9.8292/ 
.  9.5225 
9.2t5U 
'8. '9082  ■ 
■     8.6010  - 
S.2938 
7.9866 
7.6795 
'  7f3723 
7.0651 
6.7579 
6.U507 

5,Q3bk 
^5.529'2 
5.2220 
'♦.91t^9  , 
♦'♦.60  77 
^.3005 
3.9933 
3.6861 
"3.3790" 
?»0718 
2.'7hk6 
2.^57U  . 
2.1502 
1.8(»31 
'  1.  5-359" 


0.ell 

12.6565 
12.3752 
12.09U0 
11.8127 
lt;53l5 
-11.2502 
0  10^9690 
10  .6877 
10  .(fa65 
10.1252 

9.8U3  9 

9.5627 

9.281«^ 
"9.0002' 
-  8.7189 

8.t^377 
.  9,l5f>k 

7.^752 
.  7.5939 

7^3126 
,7.031«^ 

6.7501 

6.  '♦689  ' 
6.1876 
5.906(^ 
5.6251 
5.3t^39 

.5.0626 
'♦.7*13  • 

■'♦.5001 
'♦.2188  - 
3.9376 

7 .  fr56 3 
3.3751 
3.^938 
2.8f26  ' 
2.5313 
2.2500 
1.9688. 
1..68j# 
l.«»063^ 


0.12 


11.6283 
11.3699 
11.1115 
10.8531 
10*.59t»7 
10.3363 
10.0779 

9.8195 

9.5611 

9.3026 

9.0 '♦'♦•2 

8.7858 

8.527«» 

8.2690  . 

8.0106 

7.7522 

7. '♦938  . 

7.235'^. 

6.9770^  • 

6.7186 

6.«»602 

6.2018  ^ 

5.6850 
5. '♦265 
5.1681 
't.9097 
'♦.6513, 
'♦.3929 
t».l3'^5 
3.8761- 
3.6177 
3.3593 
3".  10  0  9 
'2.8«»25 
2,58'^1 
2.3257 . 
2^0673 
1.8088 
1.550'» 
1.29^, 


il2   ■  ■ 


•8.3Q 


Table  8-12.    Fuel  Cost  Factors 


ANNUAL  (?ATE  ^  FUEL  INCREASE  =  .10 
NUMBER  Of  YEARS  =20 


F 
.10 
.12 
.lt» 
.16 
.18 
.20 
.22 

.26 
.28 
.3C 
.32 
.3<* 
.36 
.3H 
.(»0 
.(»2 
.(»^ 
.(»6 
.(»8 
.50 
.52 
.5«» 
.56 
.58 
..60 
.62 
.6V 
.66 
.68 

.ro 

.72 

.7«»' 

.76 

t78 

.82 
«8(» 
•  86 
.88^ 
.'90 


0.08- 

.  19.9518 
19.5J08«» 
19.0650 
18^217 
-  18.1783 
17.  73«»9 
17.2915 
16.  8(»82 
16.  (»d(»8 
15.961'* 
15.5il81 
.  15.  0Vl^7 
1«».  63*13 
It*.  187^ 
13.  7'f«»6 
13.3012 
12.8578 
12.(»l(»t» 
11.9711 
11.  52  7  7 
11.0  8<»3 
10.61*10 
10.1976 
9,  75*»2 
9. 3108 
8. .8675 
.8.*»2«f  1 
7.  9807 
7.5373 
7.  09(»0 
6.6506 
6.20  72 
5.7638 
5.3205 

:t».877i 

'«».i»3)7 
^  3."990«» 
3.  5'»70 

3;iU3e 

'  2.  6602  . 
^2.2169 


0.09 

18.'035t» 
17.'63t»7 
17.2339' 
16.8331 
16.(»323 
16.0315  * 
15.630  7.  ^ 
15.2299 
1U.8291 
1«».U28'» 
1«». 027-6 
13.6268 
13.2260 
12.8252 
12.«»2«»<» 
12.0236  ' 
11.6228 
11.2221 
10.8213 
1Q.(»205 
10.0197 
9.6189 
9.2181 
8.8173 
8.«»165 
8.0158 
'  7..  615  0 
7r21«»2 
6.913(»  ■ 
6.4126 
6.0118 
5.6110 
5'.  2 10  2 
(».  80.95 
'♦.'♦087 
(».O079 
'  3'.  6071  . 
'  -3.2963 
•2.8055  - 
2. '♦fit* 7  . 
0fl39  ' 


0.10 

16.3636 
16.0000 
15.636«» 
15.2727 
1<».9Q91 
1<».5«»55 
l<*.ldl8 
43.8182 
13.«»5'»5 
lTi09O9 
12.7273 
12  .36^36 
12.0000 
11 .636<* 
11.2.727 
10.9a91 
10.-5«»55 
10.1818 
9.8132 
9.«»5'»5 
9<0  909 
8^T273 
8.3636 
8.0000 ' 
7.636«» 
7.2/27 
,  6.90  91 
6.51*55 
6  .1818 
5.3182 
5.«»5«»5 
S.0909 
tr.7273 
(»'.3636 
<*.0003 
3.636<* 
3.2727 
2.9091 
2.5'»55 
•  2. '1818 
1.8182 
• 


•  0.11 

lt».^0:4)6' 
l'*.?69'» 
1(».2'38  3 
13.9072 
13.5761 
13.2(»50 
12.9138 
12.5327 
12.2516 
11  .9205 
11.^893 
11.2582 
10  .9271 
1.0.5960 
.10  .26(»8 
^  9.9337' 
9.6026 
9*2715' 
8.9(»03 
8.60>2 
8.2781- 
„  7.9«»70 
7.6158 
^'7.28«»7 
6.9536 
6.6225 
6.29m 
..  5.9602- 
5.6291 
5.2'>80 
•<*.9b69 
i» .  63  5  7 
»  «».33«*6 
3.9/15 

^.3112 
.  2.9H'31 
-  2;6<»90 
2.3179 
1.9867 
14.6556. 


0.12 

13.6162 
13.3136 
^13.0110 
12.708(» 
12. '♦059 
12.1033 
11^8007 
.  11. '♦981 
11.1955 
13.3929 
10. 590'* 
10.2878 
9.9852 
9.6826 
9. 3300 
9.0775 
d.77'»9 
8.«»7^3 
8.1697. 
V  7.8671 
7.56*»5 
'  7.2620 
6.959«» 
6  .  65  6  8 
6.35<*2 
6.3516 
5.7«»91 
5;'»«»65 
5.1«»39 
(».8^13 
«♦ .  53  %7 
(».2361 
3.9336 
3.6310 
3.3281* 
3.0258 
,7232 
.«*20  7. 
2.1181 
U8155, 
1.5129 


>  • 


ERIC 


Table  8-13.    Fuel  Cost  Factors 


ANNUAL 'RATE  OF  FUEL  INCREASE  =  .12 
UUt*.^£R  OF  YEARS  =  20  .. 


I  '        D«  Oft 

n  no 

U  •  U  7 

* 

,   ,C     .  W  w  ^  ^ 

C  X^  O J7 7 

•  X  c 

C  %^  .  7  «7  X  X 

&  X  •  X  X 

c  c  >  ^ oo 

c  U  •  O  f  HO!^ 

9n   1  Qic; 

,^  U  •  X  P 

ex.  7  w  u  f 

1  Q    7  1  >  7 

W  A  •        ^  X  7 

1  Q    ?  71  Q 
X  ^  •  c  OX  7 

•  22 

1  A   7  c;i  1 
1  0  •  /  7X  X 

•  Zk 

^20. 3223 

1 ^ - 77n  X 

;2& 

iq. 7A75  * 

1  7    7  C 

•  28 

19.2527 

1  7  -  X  n  M  7 

X  r  •  w  U  O  r 

••30 

1  8«  71^7Q 

1  ft . 7Q 

;32 

;  18  •1^531 

1  ft  -  "^1*7 1 

X  w  •        f  X 

•  34 

17.  6  483 

1  *5  -  ^  ftft  1 

•  36 

17. 1135 

•  38 

16.5787  ' 

X  H  •  1 UH  f 

•  40 

M 6. G  43^ 

1 U • U^l Q 

X  *T  •  "TQ  ^  ;y 

X     •  7  U  .  7  X 

'1  ^  a£47  1  * 

X  O  •     HC>  X 

•  4% 

X •  ^  /•to 

1  7   £a  *;^7 
X  O  •  H  CC  «> 

•  46  ' 

X  ^  •      W  ^  </ 

1  p  ^  ^Ai  t; 

X  C •  70X  ? 

•  49 

'  13.  QQ(47 

*  1  p   q  nh  7 

'  •5il 

13. 1 AQQ 

X  *J  •  w  W  7  7 

X  c • U  x^ 7 

•  52 

V 12^  8351 

11 • 51Q1 ^ 
XX • 7  07  X 

•  54 

X  c  •  w  II  u  w 

11    fl  c;fl  7 
X  X  •  U  !>o0  1^ 

•  56 

'  11 • 76^5 

A  X  •  r  o  7  7 

X  U  •  9  f  r  O 

•  58  • 

11.  2Ttl  7 

X  X  •  w  «^  U  r 

1        ft  Qft  A 
X  U  •  U  7O  0 

#60 

IQ . BQ5Q 

7  •  0  xo  u 

•  o2 

,  4^  V  •  X^Q  X  C 

Q    1  7C  5 

Q*.  62 £U  ** 

0  •  0  P-tH 

9.0916 

8.1736 

.63 

8.556  8 

7.692& 

'8.0220 

7.2120 . 

.7?..; 

^.^8^2  " 

6.7312 

6.952«»  . 

6-.250'* 

.>'>  . 

^.'♦J.76 

5.7696 

5.8828 

5.288  3 

.40  • 

'  ^.sitao 

<».3080' 

t^"^».8132 

'♦.3272 

>.2  78«» 

3.i«»6«»  . 

•  3.  7<»3€ 

3.'3656 

..«5 

3. 20  88 

2.A8t»8 

.90 

2.  67<*0 

2.'»C*»0' 

0.10  0.11  0.12 

19.5237      17.6821  16.071J* 

19,0898  17.2891-  I5.7l*f3 

18.6560  16.3362  ,45.3571 

I. 1.2221  ^  16.5333  15';0000 
17.7883  "  16.1103  m.6'»29 
17.35'»'»  "'l5,7l7t»  1«». 2.857 
16.9205  15.32'»5  13.9286 
16. '♦867  ^1'4.9315  I3.*571«» 
IS. 0528  l'».5386  I3.2l«»3 
15.6190  l'».l«»57  12/8571 
15.1851  1,3.7^27  12.5000 
1'».'7S12  13.3598  12.1«»29 
l'».3l7<r  .  12.9368  11.7857 
13.8835  12.5739*  11. '♦286 
13.t»t»97  12.1810  .11.071<» 
13.0158  11.7880  10.71^^3 
12.5819  11.3951  '  10.3571 
12.1<{81  11.0022  .I'O.OOOO 

II.  71'»2  10.6092  9.6'»^'9 
11.280'*  10.2163  9.2857 
10.8<»65  9.823(»  -8.9286 
13. '♦126  9. '♦30'*  &.571U 

9.9788  9.0375  8.21'»3 

9.5'»'»9  l.etf'fe  7.8571 

9.1111  8.2516  7.5000 

8.6772  7.8587  7.1'»29 

8.2'»33  7.'»6'58  6.7857 

7.8095  7'.0728  6. '♦286 

7.37,56  6>.5799    .  6.07l«» 

6.9'»18  6.2870    -  '5.71'»3 

6.5C79  5.89<fO"  5.3571 

6.07'»0  *    ^.5011  5.bOCO 

5.6'»02  .    5.1082  -  '♦.6'»29; 

5.^063  '♦.7152  '♦.2857' 

'♦.7725  '♦.3223  3.9286 

^♦.338^  3.9293  3.571'^ 

3.90V7  3,536«»  3.J1«»3 

3.'»709  3.1'*3S  2.^571 

3.0370  /  2.7505  2.5000 

2.6032  2.3576  '  2.1<*29 

2V1693  1.96t>7  1.785  7 


8.32 


Table  8-14.    Fyel  Cost  Factors 


ftNNU'AL  RATE  OF  FUEL  INCREASE  =(L,00 
t<UM8£R  OF  YEARS  =  2  5  " 


F 
.10 

•  12 

•  in 

■  .16 
.IS 
.20 
.22 
.2  V 
.26 
.28 
.30 
.32- 
.3(f 
.36 

.'♦0 
.'♦2  ^ 
.1*1* 

.(*8 
.50 
.52 
.5«» 

•  56 
.58 
•'60. 
.6? 

•  6(» 

•  66 

•  68 
.70- 
i72 
.7'* 
.76 
.78 
.80 
.82 
.8<» 
.86 
.88 
.90 


0.0  8 

9.6073 
9.3938 
9,1803 
8.-9668 
8. 7533 
8.^398 
8. 3263 
-  8. 1128 
7.8993 
7.6858 
J.klZZ 
7.2588 
7.  0'»5'» 
6.  6319 
6.6ia<» 
6.  '♦0>9 
6.  191<» 
5-.  97  7^ 
7hi*k 
5.5509 
5.337'* 
5.f239 
t*,  910<» 
'♦.6969 
(».<*83<*- 
2699 
A.  056<i 
3.  8%2'^ 
3.  629<* 
3. '♦159 
3.  202'^ 
9889 
2.  775«^ 
2.5619 
2.3'^'85 
2^4350 
1.9215 
1.7380 
1.  '♦9'*  5 
1.2810 
1.0675 


■    0.09  ■ 

■8-.8<»0  3 
8^6'^39 
8.'^'^7'» 
8.2510 
8.3  5'^5 
7.8581 
7.6616 
7.'f65t 
7.2687 
7.0  723 
6.8  75  8 
6.'"6  79'* 
6, '♦829 
6.2865 
6.0900 
.5.89^5 
5.6971 
5.5006 
5.'3  0'^2- 
5.ia77 

^♦.71'^8 

-'♦;5i8'» 

^.3219, 
'♦il255-  ^ 
3.929  0^ 
3.7326. 
3.5361 
3.3397 
3.1'^32 
2.9<*68 
^2.7503 
2.5539  • 
2.357'^ 
2.1610 
1.96'^5 
1.7681 
1.5716  ^ 
1.3752 
1.1787 
.9823 


0.10 

8.1693 

7.9878 

7.8063 

7..62<^7 

7.'^4^32 

7.2616 

7.0831 

6.8986 

"6.7176 

6.5355 

6.3539 

6.172I» 

5.9908 

5.8093 

5.6278 

5. '♦'♦62 

5.26'»7 

5.0831 

'».901'6 

«f.7201 

'♦.5385 

'♦.3570 

'♦.175'^ 

3.9939 

3.812'^ 

3.  63^0 d 

1»'^'^93 

3.2677 

3. 0862  . 

2.90',7 

2.7231 

2 . 16 

2.36C0 

2.17S5 

li996^  . 

1.815'^ 

1.6339 

l.t^523 

1.2703 

1.0892^ 

. .9077 


0.11 
7.5796" 

7. mil 

7.2'^27 
7.07'^3 
6.|058* 
.6.737'^ 
6.56%0 
6. '♦305 
6.23*21 
6.0637  . 
5.89-52 
5.7268 
5.558^ 
5.'3  3'J,9 
5.2215 
5". 0530 
■'♦.88'^6' 
'♦.7t62 
'♦.'5'^77 
'♦.379.3 
'♦.2109 
'♦.0(»2<* 
3.87'^l 
3.7351 
3.5  371 
3.3687  . 
3.2003  '  , 
3.3318 
^.■8  63<i 
2.6950  i 
2.5265'  , 
2.3581 . 
2.1897*  . 
2.0212 
1.8528  ^ 
l.68<»3  ^ 
1.5159 
1.3'*75 
^.1790 
I'.OlO  6- 
.8'^22 


0.12 


7.05*8 
6 .  9#d 
6.7'^51 
6.5882 
6.'^3.1'^ 
.6.27«»5 
6.1176 
5.9608 
5.  8039  • 
5.6<^71 
5. '♦902 
5.3333 
5.1765 
5.3196 
'♦.8fr27 
'♦.7059 
■'♦.5'»90 
.'♦.3922 
'♦.2353 
'♦.078'^ 
3.9216 
3.76'»7 
3.60  78 
3. '♦510 
3. 29 '♦I. 
3.1373 
2.9d0'^ 
2.82  3  5 
2.6667 
2^50  98  ■ 
2 . 35  2  9 
2.1961 
2.af392  - 
1.832'^ 
1.7255 
1.5686 
l.'^118 

i.;25'^'9- 

1.09^3  . 
.9'^'12  ■ 
.78'»3 


ERIC 
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Table  8-15. 


Fuel  Cost  Factors 


ANNOAL  rate  ^DF  fuel  iNCREASe  s  ,02 
NUMBER  OF  .YEARS  =  25 


0.09 

0. 10 ; 

0.11 

r 

— — — ~  _ 

•  10 

11^>0,66. 

lo^ffii  0 

9';5«»65 

«.792'^ 

•  12 

ll^  1*532 

10^1796 

9.33^«» 

8.5970 

•  Ik 

10. 3997 

^•9«»83 

9.122^ 

8. '♦016 

.16 

1Q^6^62 

9^  7169 

8.9101 

8.2062 

10. 3927 

9^^  ^856 

'8.6979 

8.0108 

/2u 

id^  1  392' 

•  «.«»853 

'  7.8155 

9^  8857 

'  9^0228 

8 .2736 

7.6201 

9^6323 

8^7915 

8 .0615' 

.  7,i*Zt*7 

•  26 

9^  3788 

8^550^ 

.  7.8«»9«» 

7.2293 

•  28 

.  ^9^1253,. 

8«3288 

7.6172 

7.0339 

•  30 

8^  8  7.18 

7.«»251 

6.8385 

•  32 

6183 

7^8661 

7.212? 

6. 6(^31 

•  3h 

8#  3^«#9 

"7^&3«f7 

7.0038 

6. '♦'♦77 

•  36 

^•*ill«f 

6.78ft6 

6.2.52'^ 

*  •  38 

7^8579 

7^  1720 

6.5765 

&.05  70 

r 

•'^  7^6  0^^ 

6.'9^06 

6.36«»3 

5.8616 

•  ^3 

7^35ff9 

6^7093 

6. .1522 

5.6662 

• 

7.  0  975 

\  S.J^77S 

5.9'»01, 

5.'^708 

•  HO 

.,5.  7279 

5.275'^ 

-  6^'5905r 

6^0152 

5.5158 

5.08  00 

•  •50 

&• 3370 

5^7839^ 

.5. 3036 

U.88«^7 

•  PC 

6^M)  835 

5^  5^525 

'  5.0915 

(♦.6893 

•  5h 

5*8301 

5;3212 

'♦.^793 

'♦.'♦939 

•  56' 

5^5766 

•^'5  •0  898 

'♦.6672 

(♦.2985 

c  a 

•  5o 

5*3231 

^  •  3  58  5^ 

'♦.'♦550 

^  '♦.10^31* 

ft 

5^  U69o 

"^♦•&27i 

'  '♦.2'^29 

3.90  77 

•  oc 

km  8161 

^^•395  7  , 

'♦ .  0307 

3.7123 

*•  OH 

.H.5627  , 

3  .8186 

3  .5170 

•  DO 

I.    7  n  Q  9 

3*  <:3J3  0 

3.6C.65 

3  .3216 

.68  ^ 

055  7 

3.7017 

3.39'f3 

3.1262- 

.70 

3*80;|2 

3.!*703' 

■'3.1822 

2.9308 

»72 

3  .  5«»8X 

i,.239  0 

2.9700 

2.735'^ 

.7i» 

3.2952^* 

3.0  076 

2.  7579' 

2.5kQQ 

.76 

3.0<»18 

"2.7763 

2.5'^57 

.7(1 

2.7883 

2.5'»'».9 

2. J316 

2.1«»92 

.80 

2.53'»8 

2.3135 

2.121«» 

1.9539 

.8,2 

2;2813 

2.0  822  ' 

1.9093 

1.7585 

.84 

2.0.2  78 

1.85C  8 

1.6972 

1.5631 

^86 

l.77t*k 

l,6i95 

I. '♦850* 

1.3677 

.68 

^   1.5209  .  • 

l..f881 

1.2729 

1.172  3  . 

i9a.. 

■  1.267'*' 

1.1568 

1.0607 

.976  9 

o.\. 


8.  ilik 
7.9507 
,  7.7700 
,  7.589'*i 
-7. '♦0  8  7 
7.2280 
7.0'^73 
6.8666 
6.6859 
6.5052. 
6.32'^5 
6.1'^38  , 
5.9631 
5.782'* 
5.6017 
5. '♦210 
5.2'^JJ3 
5.0596- 
^.8789 
'♦..6982 
■  '♦.517$ 
'♦.33^-8 
^♦.1561 
3.975'^ 
3.79'^7 
3.6i'^0 
3. '♦333 
3.2526 
3.0719 
2.8912 
2.7105 
2.5298 
2.3'^91 
.  2.168'^ 
1  1.9877 
1.8070 
1.6263 
l.'^'^56, 
1.26(^9 
.  1.06(*2 
.9035 


MIS 
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Table  3-16..  Fuel  Cost  Factors 


ANNUAL  RATE  9F  FUEL  INCREASE  *  .0<».' 
NUH8ER  OF  year's  =  25         ■  '  . 


0;08 


0-.09 


0.10 


.10' 

13.  7V17 

ie.«f353 

11.3093 

.12 

13^t»363 

12.1589 

11.0580 

.lt» 

13;i309 

11.8626 

10.8067 

.1*6 

12^  8255 

11.6C&3 

10^555'f 

.18 

12.5202 

11.3299 

10-.30'^0 

.20 

'  12.21<»3 

1  1.0536 

10.0527 

.22 

11.909'» 

10.^772-i= 

9.801tf 

,Zk 

11.60^1 

10.500*9 

9.5501 

.26 

11.2987 

10.22'*&  * 

9.2988 

.28 

10.9933 

9.9^*82 

9.0'^7'^ 

.30 

10^6d80 

9.6719 

'  8.7961 

.32 

10^  3826 

9.3955 

8.5'f'^'8 

.3t» 

10^0772 

9.1192 

8.2935 

.36 

9^  7718 

.8.3'»29 

8.0'^22 

.38  . 

9^t»665 

8.5665 

7.7909 

.(«0 

9^1611 . 

8.2902 

7,5395 

.'»2  ' 

8.  8557 

'8^0138 

7.2882 

.UV 

•  8.5.50<» 

7,7Z75 

7.0  369 

.(i6 

^•2'»5  0 

7. '♦612 

6.7856 

.A8 

7^9396 

7.1d«^8 

6'.S3(»3 

.50 

7^63«»3 

6.9085- 

6.2829 

^52 

^•  3289 

6.6321 

6.0  316' 

*5k 

7,  0*235 

6.355  8 

5.7803 

•  56 

6^7181 

6.0795 

5.5290 

.5n 

.^•,<»i28 

5.8031 

5.2777 

.60 

5.5268 

5.026^* 

.62 

5, 8020 

5.2305 

'♦.7  750 

.  6'»  •  . 

5^ '♦967 

<».97'^1 

'♦.5237 

?• 1913 

^♦.6978 

'♦.272'* 

•  68  , 

VV8d59 

'♦^.'♦21'^  ' 

'4.0  211 

.*70.  ' 

k,5hOb 

'•♦.l'»5l 

3.7698 

•  72 

3.868  8 

3.5185 

.7U 

3^9698 

3.592''^ 

3.2^71 

•  76 

3.3161  . 

3.3158 

.78 

3 •3591 

3.039  7  ^ 

2.76'^5 

.50 

2.763U 

2.5132 

.'821 

^•'♦%30  ^ 

;2.'^a7f 

2.2619 

.'8<* 

2.2107 

2.3A05 

•  86.- 

2^1376  -\ 

li93<«<» 

1/7592 

•  88 

1^  8322  ^ 

-1.658  0  — 

-n.5U79 

.90 

1^5269 

1.3817 

1.2566 

/ 


0.11 

10.33'»2 
■10.10'^6. 

9.S7'^9 

9.6'^53 

9.'tl56 

9.1860 

8^9563 

8.7267 

8. '♦970 

8.267'* 

8.0377 

7.8381 

7.578'* 

7.5'*86 

7.1191 

6.8895 

6;  65.9  8 

6.tf302 

6.2005  ' 

5.9709 

5. 7m  2 
.5.5116 

5.2819 

5^0523  . 

if .8226.  ' 

'♦.5930 

'♦.3633' 
>.133  7 

•3,.93'*0  * 

3.67'*'» 

Z,^4k7 

3.2151' 

2.935'* 

2.7558  . 

2.5261 

2.2965 

2.0668 

1.8372 

1.60  75 

l»3  77%t 

i.i'^'oaf' 


0.12 

'9. '♦85  9 

9.2751 
•  9.06'^3 

8.8535 

8.6'^27 

8. '♦319 

8.2211 

8.0103 

7.7^995 

7.58-87  • 

7.3779 

7.1*6  71  ' 

6.9563 

6.7'^55 

6.53'^7 

6.3239 

6.1131 

5.902;$/^ 

5.6915 

5. '♦807 

5.2699 

5^.0591 

'♦.d'^83 

'♦.6375. 

.'♦.'♦26  7 

'♦.2159 

'♦*0051  . 

3.79'^3 

3.5835 

3.3727  ' 

3.1623 

2.9512  / 

2.7'^0'* 

2.5296 

2.3188  , 

2.1080 
'1.8972 
.1.686'* 

l.'*756 

l.26'*8 

1.05'»0  ^ 


ERIC- 


•417 
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Table  8-17.    Kuel  Cost  Factors 


-t 


ANNUAL 
NUMQER 


F 

.10 
.12 
,11* 
.16 

.ec 

'  .22 

.26 
-.29 
.30 
.32 
.3t» 
.36 
.38 
.<*0 
.«i2 
.(»(» 

.5  3, 
.52 
.5«» 
.56 
-.58 
.60 
.62 
.&(» 
.66 
.08 
.70 
.72 
.7«» 
.76 
.78 

•  AO 

•  82 
.8(» 
.86 

•  88 
«90 

•X' 


RATE  OF  FUEL  INCREASE  =  .-06 
OF  YEARS. =  25/       \  ' 


0.08 

* 

16. 7990 
16^t»256 
16^0523 
15^6790 
15.3057 
m.  932'* 
1'».  5591 
1<».  1858 
13.  8125 
13.i»392 
13.  0559 
12.6925 
12.3192 
11.9«f59 
11^5726 
11.1993 
10.  8260 
10.«»527' 
10^  079«» 
9^  7061 
9^  3.328 
8^959'» 
8^5861 
8. 2128  - 
7. 8395 
■  7. '♦662 
7,0929 
6^7196 
6.  ItfOS 
5.973  0 
5.5997 
5.2263 

I*.  1*7(97 

3^7  331 
^•359)B 
2^9869i 

2^1r32 

-2.2399 
1.8666 


0.09 

15.368(» 
l'»;7336. 
1'».3987 
1<».0639 
13.7290 
13.39'»2 
13.0593 
12.72t»5 
12.3896 
12.05'»7- 
■11.7199 
1L.3850 
11.050  2 
10.7153 
13.3805 
.t0.0«f5«^ 
■  9.7108- 
9.3759 
9.0t»l.l  . 
8.7062. 
8.371«»' 
8.3365 
'  7.7016 
7.3668 
7.0319- 
6.6971 
6.362^ 
■  6.027<» 
5.6925  ' 
$.3577  . 
,5.0'22S 
.<».  688-0 
«».353t 
(».0182 
3.683(» 
'  3.348^ 
,3^0137 
S  2.6788 
2;3<»<»Q 
■  2.0091 
1.67t»3 


-t 


0.10 

13.5872 
13.2853 
12-,'983'» 
12.681t» 
12.3795 
12.-0776 
11.7756 
11. '♦737 
It. 1717 
13 .3698 
10.5679 
10.2659 
9.96(fO 
9;6620 
9.3601 
9.0582 
'8  •  7562 
9.'»'5'»3 
8.1523 
7,850'<f 
7.5«»85 
7.2«»65' 
6^9«»'^6 
S.Si*27 
6.3«^07 
&.0388 
5.7368 
5.«^3«»9 
3.1330 
'♦.8310 
'♦Y5291 
'♦.2271 
3.9252 
3.6233 
3.3213 
3.019(»  • 
2^717'» 
2  •.{♦I  55 
2^1136 
1^8116  - 
1.5097 


»  0.11 

12.313$ 
12.0399 
11.7662 
11. '♦926 
11 .2190 
13.9'^53 
10  .6717 
10.3981 
10. 12'^'^ 
9.8508 
9;5772 
9.30  3  5 
9.0299 
"8.7563 
8.  A 82  6 
8.2090 
7.935'^ 
7.6617, 
,7.3381 

*  7.11'»5 
6.8'^08 
6.5672 
6.2936 
-6.0199 
5.7'^63 
5. '♦727 
5.1990 

•  '♦.925'^ 
'♦.6518 
V.378i  . 
'».13'^5 
3.3309 

„  3. 5^72 
3.2836 

.  3^0100 
2.7363 
^  2. '♦^7 
2.1B91 

1.6'^ld  ' 
1.3662 


0. 12 

11.2131 

10.9639 

10. 71 '♦7 
.10. '♦655 

10.21'6'^  ' 
'   9.96  72 
9.7180 

9. '♦688 

. 9.2196 

8.9705 
■  8.7213 

8. '♦721 

8.2229 

7.9737 

7.7^'♦6 

7.'^75'^ 

7.2262^ 

6.9770 

6.7278 

6.«»787 

6.2295 

5.9803 

5.7311 

$.'♦819 

5.2328 
,  '♦.9936 

'♦.73'*  <♦ 

'♦.'♦852 

'♦.2'»60 

3.9.^69  ' 

3 . 73  P7 

.3.2393  * 
2 7990 2 
,  2.7'»10. 
2. '♦918 
2.2U26 
1.993«» 
4..7^'»J  ' 
£.'♦951 
i;2(^59 
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Table  8-18.  '  Fuel  Cast  Factors 


i\NNUAL  RATE  ;0F 
Nl>«8ER  OF  YEARS 


FUEL  INCREASE  =  .08 
=  25  - 


ERJC 


T 
X 

c 

0  .  fift 
u  •  u  o 

'J  •  w  ^ 

J  •  xu 

fl  - 1  1 

r 

20. 3333 

18.521 7 

X  V  ^  ^     X  » 

X  ^  •  ✓      W  X 

It,.  AjftQ 

X  *T  .  Vl  r  W  ^ 

X  »J  •  ~  1^  ✓  7 

•  12 

20- 370  4 

1  a .  1 10  i 

X  O  •  X  XV  X 

I'ft  .  1  ft  A2 

X  Q  .  X  9  V  C 

14. 54ft3 

X  ^  .  7  *T  W 

11.117  3 

X  «J  .  X  w  f 

•  x^ 

X  ^»  77V  f  H 

17. ftQAft 

1       A20  3 

— "     X  7  .  0  C  U  <J 

14  2  1  «;  7 

X*t  .  C  X  7  f 

12.  A3A.7 

.  .16 

•  X  V 

19^4  444 

17.2870 

'  1  <5  .4524 

1 3.AA51 

X  0  .  w  0  7  JL 

12.540  2 

X  C  .  V  ^  u  c 

•  18 

•  X  V 

X  O  •  7  Q  X>7 

1  ft. 87^4 

'    1  5  .  i1  A  44 

13. 5545 
X  <J  .  7  7  *t  7 

12-2416 

X  C  .  C  *t  X  V 

X  o  •  7  i,  o  y 

1  ft  .  4ft3  A 

14    71 ft5 
XH  .  r  X  07 

i  3 . 22  3Q 
X  0  •  c  c  0  7 

11. Q4  3  0  • 
X  X  •  7*T 0  U 

.22 

18.0  QCyA 

1  ft  .  a  52  2 

14    1 4Aft 
X  ^  .  0  *t  o  o 

1  2  .  A  ^  1  3 
X  c  .  0  7  0  0 

11. 6444 

XX.  W*t  T 

•  24 

1  7.  «;Q2fi 

1  ^    ft4f1  ft 

13    Q A  0  7 

12.5  ft2  7 
X  C . 7  9C  9 

11    3  4  5  Q' 

X  X  .  V  *T  7  7 

*  •^fe  * 

*  •  U  W  T 

X  f '  •  X  C  ^  .V 

X  7  •  C  £•  7  U 

17       1  9A 
X  •)  .  0  X  c  0* 

19    9  7  9^ 
1  c  .  c  Oc  X 

11    n    7  3 
X  X  .  U  H  r  0 

•  28 

X        w  w  W  f 

14 . 8t74 

11. 2  44Q 

1  1^.  •'3  015 

XX  .  7  U  X  7 

1  0    74  8  7 

•  30 

1  n    2^  3  7 

.14   4  im  A 

4  1  ?    A 7  70 

1  1    5  70  Q 
XX  . 7  r  U  7 

1  0    450  t 
X  u  .  *t  7  U  X 

.4  2  7  #4  n  7 

1  3  QQL^^ 
X  O • T^Hc 

i  c  .  7  U  ^  U 

1  i    *9  L.n  1 
XX . c  HU  0 

1  5 1  ft  * 

U  .  X  7  X  0 

1  <5.  2  77  ^ 

1  3  .  5  A^  ft 

'  t  2    14  11 
x^  .  X  H  X  X 

1  0    QO  Q  7  V 
X  U  .  7U  7  f 

Q    A5  3Q 
7 • 07  0  w 

X*T  •  O  X  H  O 

13    1  71 0 
X  O  •  X  r  X  U 

1  i\^77  "19 
1  X  *-«  f  vc 

10    5  701* 
X  M  .  7  f  7  X 

Q . 5544 
7  .  77*t 

14  3  Q 

X  H«  O  7  X  7 

1  2  7^Q/a 

X  X  .  H  U  70 

in   9  L.  A  c: 

X  U  .  c  H  0  7 

Q    9C  C  A 

7  •■C  770 

*  -40 

X  O  •  O  Q  O  ^ 

1  2    3U7  A 
X  C  •  O  H  /.  O 

11     f!  3  7!4 

X  X  .  U  ^  f  *T 

Q    Q4  70 
7 . 7X  f  7 

Q5  7  3 
.  77  f  0 

•  42 

13.42^Q  ' 

11.  Q3ft2 

Q.5 A71 

7  .  7  0  •  w 

A  .  ft5  A  7 

-  44 

12  iQ  A  3  n 
X  C    7  U 

1  1    c:pu  ft 

XX*  7C  H  O 

10   3  n  1  ft 

L%3  .  0  U  X  D 

Q    9 qc  7 
7  .  C  7  0  f 

•  A  lA  n 1 

^ 0 . 00  V  X 

•  46 

X  c 7  u  y  u 

11.113  0 

XX*  X  X  ^  u 

Q  .Q3  17 

A .Q  2ft 1 

0  . 7  CO  X 

A. Oftl 5 

.  4A 

1  2   0  3  7  fl 
X  c  •  u  w  r  w 

1  0    7  01  c> 
X  U  •  r  U  X  7 

^  .  7  O  7  r 

A  5Q55 
0.7777 

7    7ft  3  0 
f  .  f  0  0  y 

X  X  •  7  r  H  X 

1  0  2AQQ 
X  U  •  C  O  7  i9 

Q    i  Q  7A 
7  .  X  7  f  O 

A    9  ft  £1 Q 
0  %  C'  0  H  7 

7  4644 

*M 

1  1    1  1  1  1 

X  X  •  X  X  X  X 

Q  A7A3 
7  •  O  f  o  «^ 

A . A2  QQ 

O  .  O  C  7  7 

7  k  Q 143 

r  •  7  0  H  W 

7<j.  1^5  8 
•    X  0  7  0 

* 

XtW  •  D  HO  X 

Q    L.ftft  7 
7  •  H  DO  f 

A  *aP\^(\ 
O  .  f  O  C  V 

7    ftO  3  A 
f  . ou  0  0 

ft   Aft  7  2 
0 . 00  f  c 

1  h  1  Acro 

X  U • Z  O  7c 

o  n  1 
,    T  •  u  7p  X 

0  • U  7HX 

7    9  7  19 

A    5ft  A  7 
0 . 70  0  f 

Q-'7  222 

A  ftL^K 
O • OHO^ 

7  72ftP 

ft    Q£i.9  A 
0 . 7 He  0 

ft    97  0  1 
0  .  c '  U  X 

•  o  u 

^»  c  !??o 

-  A    O  7 1  Q" 
O  •  w  «>X  7 

7/   7     A  7 
^.  >  7  0 J 

C    c  4  7  n 
0 . D  XC  U 

7  .  7  f  1  7 

•  Oc 

7    ft 9n  7 
f • new  o  , 

C     Q  Q  it  7 

C     9  ft  4 

ft    C  7  9  0 
7  .  D  f  C  7 

A    7  tl  i  ^ 

7    U  iITt  7 

0 • Oc  CH 

!>  .  77 U  0  . 

-  -   7  .  0  f  HH  , 

.66  - 

7.870«^ 

6.*i971 

6;  25.45 

.  5.6202 

5.075  8  :J 

.68 

7.,,tf0  7'»  . 

6.5855 

5 . ^866 

5.2896 

k,777Z  ^ 

.70 

6.1739 

5 .5187 

4.9590 

(f.<»786 

.72 

6.^*815  ' 

5*7623 

^.1508 

(f  .628<f 

<r.l301 

^    .7tf  • 

6*018S 

5.-350  7 

'     4 .78 29- 

4.297.8 

3.3815 

.76 

5.5556 

■  ■  4,,tfl50 

3.9672  r 

3.58e9 

.78 

5.0^26 

.  *».5275 

4.0«f70- 

3.6366 

3.2843 

.80' 

629.6' 

3.6791 

3.3060 

2.9858  • 

.82 

<».1667 

3.7043 

3.3112 

2.9754 

2.68  72 

,$U 

;S,7Qi7 

3.2928 

)  2.9433 

2.64(f8 

2.3886 

.86 

3.  240  7 

2*8812 

'  '  2»575<» 

2.3142 

2.09(10 

•  88 

2.7778 

.2.^696 

2.20  75 

1.9836  , 

1.7915 

•  90* 

2.3148  . 

2#0580 

-  1.8396 

1.6530 

i.4929' 

U9 
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Table  8-19.    Fuel  Cost  Factors 


ANNUAL 

RATE  OF 

*  NUiMBER 

OF  YEARS 

I  0«08 

•  10 

—  — 
26^ 1927 

•  12 

25^  6*10  7 

•  1^ 

25^  0286 

« 16 

Zkm^kkbb 

•  18 

•  * 

,  23^86«f5 

.  •^O 

23*  282tf 

•  ZZ 

ZZ» 7QQk 

• 

22^ 1183 

21^  5363 

•28 

20^95«*2 

\  •30 

--^O^  37?i 

•  32 

^9^  7'aui 

;                 •  3^  ^ 

19^2080 

*36 

18^  6260 

•  38 

18^  0  k39 

•  ^0 

•  «f2 

is.  8798 

•  ^^ 

16^2977 

^^6 

15^  7156* 

•  ^8 

15^  13^6 

•  50 

Ik. 5515' 

•  52 

13^  9695 

•  5'* 

13^  387'* 

••56 

12^  8053 

•  ^58 

IZm  2233 

•  60 

!!•  6tfl2 

•  62 

11^  0  592 

10^  '♦771 

•  DO 

9.  895  0^ 

•  68 

9.  3130 

8. 7309 

'  .72 

8. 1(»&9 

.7«»  ■■ 

7.5668 

.76 

6,98'»7 

.  -     .  .78 

6.  (»027 

'  y  .80 

5.8206 

.92 

.5.23  85 

.Bt* 

(».6565 

.86 

>.  07«»«» 

V  .88 

3.i»924 

.  93 

2.9103 

1 

•  * 

•  * 

0.09 

23.0830 
22.5700 
22.0571 
■  ai.5«»'»l 
21.0311 
20;5182 
20.0052 
19. '4923 
18.9793 
1«.'»'66«» 
17.953«» 
I  7.!»(tC5 
16..927  5 
16.(»1(»6 
15.9016 
15.3886 
1'».8757 
1''».362  7 
13.8«»98 
13.3368 
12.3239 
12.3109 
11.5J98  0 
11.2850 
10, 7721 
10.2591' 
9.7!f61 

8.7202 
8.2073 
7.59f.3 
7.181tf 
6.668^ 
6';  1555 
.  5.6«»2  5 
5.129  5 
*»j616  6 
(».ia36 
3.590  7 
3;0777 
2.56'»8  ■ 


>  O.IO 

20  .'♦S,'*? 
20  . .0000 
5«»55 
0909 
6  3M 
18.1818 
17.7273 
17.2727 
16.8182 
16.3636 
15.9091 
15.  '♦5«»5 
15. "0  0  00 
1«».5«»55 
it*.  0909 
1-3.636^' 
13. 1818 
12.7273 
12.2727 
11.8182 
11.3636 
10.9091 
10  .t»5>5 
10 .0000 
9.5«»55 
9.0  909 
8.636«» 
3. 1818 
7273  • 
2  7/27 
3182 
3636 
5, 4091 
5.tf5'»5 

5>.oooa 

'f.5*»55 
<».(I909 
3.^536(» 
3.1818 
2.7273 
2.2727  . 


7. 
7. 

6, 
6. 


0.11 

-  18.2230 
17.8181 
17.<»131 
17.  j082 
16.60  3  2- 
16.1982 
15.7933 
15.3883 

l'».933'» 
1«».5  73V 
1«».1735  . 
13.7685 
13.3635 
12.9536 
12.553-6 
12  .12*8  7 
11.7«»'3  7 
11 .3388 
10.9338 
10.5289 
10.1239 
9.7189 
9.31'fO 
8.9090  - 
8.50«»1  * 
8.0991 
7.69«»2 
7.2892 
6.88^3 
6.t»793 
6.37t»3 
5.6.69'» 
5.26«»t» 
•'♦.8595 
'  '♦.'♦5«»5 
tf.0(*9e 
3.6(*(*6 
3.2396  - 
•2l83tf7 
2. '♦297 
2.q2(f8 


0.12 


16.3200 
15*.  9573 
15'.  59'*  7 
.15.2320 
It*. 3693 
1«».5067 
1(*.1(*(*0 
13.781.3 
13. '♦18  7 
r5.0560 
1^.6933 
12.33-0  7 
11.9680 
11.6053 
11.2'»27 
10.8800 
10'.5173 
10.15<»7 

•  9.7920 
.9. '♦293 

9.0667 
d.70(*0 
8.3(*13 
7.97.8r 

,  7.616  0 
7.2533 
64  890  7, 
6.5280 

16.1653 
5.,8027 
S.tftfOC 
5.0773 
'♦.7lt»7. 

■  'r.3520 
3.9893 
3.6267 
^  3.26«»0 
2.9013 

•  2.5387 
2-.1760 
1.8133 


ERIC 
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Table  8-20.    Fuel  Cost  Factdrs- 


ANKUAL  RATE  *QF  FUEL  INCREASE 
NUK8ER  OF  Y^ARS  =  25 


=  .12 


I 

F 

,0^08 

0^09 

0.10 

0.11 

■  r.  12' 

•  io 

33^  3521 

«»^«* « 
.  29^1^*38. 

"""""" 

25.6067 

22.6208 

— — 

20.0893 

•  12 

32^6109 

28^^962 

25.0377 

22.1181 

19.6429 

31^  8'697 

.27^  a^fSS 

^«».«»636-. 

21 .615<» 

19.196'* 

•  16 

31^  128  6 

27^2009 

^  23.8996  . 

21 .1127 

18.7500 

•  18 

.  30#  J67k 

2  6  •  5  53  3 

'  23.33"06 

"  20 .610 1 

18.3036 

•  20 

25^9056 

22 .7615 

Eil.loVt* 

17.8571 

•  22 

€8^  9051 

^  2  5'^258  0 

22.1925 

i9.6iJ'»7 

17*. '♦10  7 

•  2'f 

28;  16<f  0 

2<f  •  6103 

21.  623<» 

19.1020 

16  .96<*J 

•  26 

27#  kiZ  8 

23^  962  7 

21 .05<»<» 

18  .5993 

16.51 79 

•  28 

2&^  6816 

2  3^  31'5X 

23  •<»85<» 

18 .0966 

16.071<» 

•  30  , 

35,  9«f05 

22«667<f 

19. 9163 

17.59«»0 

15.6250 

•  3? 

25^ 1993 

22^0198 

19,3'»73 

17.0913 

15.1786 

•  3A 

2k.  «f582 

21^i721  ' 

la. 7783 

16.5886 

It*. 7321 

•  36 

23i  7170 

20  •  72h5  . 

18.2093- 

16.0859 

l'».28i57 

•  38 

22^9759 

20^0769 

17  .  6'»0  2 

15.5332 

13.8393 

•  hO 

22^  23'f7 

19. '►292 

"17,0711 

15.0805 

13.3929 

•  <fr2 

21^  «f935 

18;7816. 

16.5C21 

1«».5778 

12.9'»6A 

.^k 

20;  752 

1 8 . 1 33  9 

15.9331 

1«».0752 

12.5000 

•  <f& 

20^  0112 

17. 863 

15.36<»0 

13.5725 

12. 0536 

•  <f3 

19^2701 

16.3387 

It*. 7950 

13.0698 

11.6071 

•  50 

18^5289, 

16^191  0  ' 

1«».2^59 

12.5671 

11.1607 

•  52 

17^  7878 

15.5^3«» 

13.6^69tf 

12.06<»'» 

1 0  .  71  <»  3 

•  6<f 

i7«  0<»&6 

It*. 3957 

.  13.*  0879 

11.5617 

;G.2679  - 

•  56 

16V3055 

1<».2<»81 

12.5188 

li  .0^91 

q.821«» 

•  58 

15^  56«f3 

11.9'»98 

10  .556«» 

9. 3750 

•  60 

l'*^  8231* 

12.952  8 

If.  3  818 

10.0  537 

8.928  6 

•  62 

l<f«0820 

1/2*3  0^2— 

10.8117 

9.5510 

.8.«»821 

•  6<f 

13,  3^08 

11. 5575 

10.  2«»27 

9.0tf33 

8.035  7 

•  66 

12^  5997 

11.3099  ' 

T.6736  ' 

8.5«*56 

7.5893 

•  68 

lt^8585. 

10.3622 

9.i:«»6 

8.0<»30 

7.1«»29 

•  70 

11*117^ 

9.71'*6 

3.5J56 

7.5t»03 

6.696'-> 

•  72 

IQ. 3762 

9.0670 

7.9665 

7.0376 

6.2500 

.7k^ 

^•63.50 

•  .8.J*193 

7.3975 

6.53(»9 

5.8036 

•  76  " 

8.  893^  ' 

7,7717 

6.8285 

6.0322 

5.3571 

•  78 

8*152v7 

7.l2tr0 — 

"  ^.259V^ 

5  .5295 

'♦.9107 

•  80 

7.  ^11^6 

6.'»76f» 

5.690'* 

5.0268  . 

<».<»&<»3 

•  S2  / 

6.670^ 

5.82-98 

j5.1213^ 

«».0179,. 

.6k 

5^9593 

5.1311 

-  '♦.5H23 

<».0215 

3.571'* 

•  86 

5*  1881 

^».533  5  . 

3.9833 

3.5188  . 

3.1250  , 

^88 

.  3.8858 

3.«»1«»2' 

3.0161 

. 2.6786 

•  90 

3*7058 

'3.2rd2 

2.8«»52- 

2.5l3«f  ' 

2.2321 

r 

-0 
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Table  8:^21.    Fufel  Cost  Factors 


ANNUAL  RATE  Of  FUEL  INCREASE  =0.00 
NUMBER  OF  YEARS  =^30 


I 

c 

n    ft  a 

0  •  u  0 

ft    ft  ft 
u  •  w9 

ft  4ft. 

0  •  10/ 

ft>     4  4  - 

r 

4  A 

132  0 

ft    0  f .  c  7 

9  ^  2Hb3 

8.»  h8h2 

7     o  9  f.  f. 

'40 

•  12 

?• 9068 

ft      A  >   A  0 

9«(Ih08 

»   ^  ft  7 
8  .2957 

7       c  ft  cr 

7 • 650  5 

•  1h 

?•  ool 7 

8^o353 

a .  4/174 

8*^  10  71 

7  f .  7  c  7 
7 • H  76  7 

•  Id 

9^  h5o5 

0  c  ^  ft  ft 
8  •DC 99 

7     ft  4  0  C 

7 • 913b 

7      7  ft  A 

r  •  30  28 

4  fl 
•  10 

ft      0  7  4  f 

8  •  .h2hh 

7  77^4 
7.7301 

7      4  0  A  ft 

7 • 1289 

•  C  J 

0   04  a*ft 
8«  21o9 

7    c    4  c 

.  7^5*^15 

b  .955  u 

00  * 

fi      7  Q  4  4  » 

o^  roll 

ft      ft  4  7  C 

7     7  C  "jfft 

7  •  3  5  JO 

C     7  ft  4  9 

b  •  f  8 1^  2 

0     C  C  C  ft 

7      0  ft  0  ft 

f  •  n  38  0 

7     4  C  f.  c 

7 • IbnS 

c    c  1  7  7 
b • bU  r 3 

•CO  . 

0    7  7  ft  0 

f • bUc  5 

C      ft  7  C  ft 

0 • 9759 

c   /.  7  7  f. 
b • h33  H 

•  CO 

n«  I  U5  C 

7     7  Q  7  ft 

^   7  ft  7 1. 

b  •  c  5  \j  5 

•  ou 

7    Q  a  ft  #■ 
f .  000  H 

7     4  »34 

C     C  Q  ft  fi 

b  •  5^700 

C     ft  ft  C  7 

b • 08 7  r 

•  oc 

7    c  c  e  7 

a  QA^  4 
b • vob  1 

,        Ia  1  ft  T 

b  •  H  X  U  «J 

C     Q  1  4  ft 
7 •  7XX  0 

r  •  H  0  U.  X 

A  7  An  A 
D  •  f  0  u  0, 

C  >p  p  «  ft 
D  •  C  C  X  0 

C    7X7  0 

•  00 

7    0  0  C  ft 
r  •  iC  u  ^  U 

0  •  5  f  P  1 

»C    'ft  7  7  0 

C     CC  f*  ft 

5  •  7b  H  U 

•  00 

Q 7G  A 

b  •  0  Q^^  f  * 

C;     A  L  Ia  7 

C    7aft  7 

f      a.  ft 

0.  f  OH  f 

•  b  •  X  DH  c 

? • 070  X 

7  •  c  X  0  0 

•  He 

C    C  9  A  c 

b»  ^>cy5  

C     a  Co  7 

5  •  "5  PO  f 

5.'»676- 

5.P42'* 

•      7  ft|. 

C     7C70  - 

5.2791 

(»«8685 

•  HO 

fcl     A  7L1  O' 

C     C  /,  7  ft 

5  •  7*f  f  0 

5.0905 

.  (».6^t»6 

•  HO 

C     7  /.  0  7 

5  •  3  h2  3 

'».9020 

"^.5208 

c  n  - 

•  7  U 

C    C  9  it  0 

e    4  7C  ft 
7*1 3b  8 

'♦.7135 

'».3(»69 

m  pC 

#.      Q74  I, 

(».52(»9 

•♦.1730 

CI. 
•  PH 

5« If  0  b 

7  ^9  C  ft 

h«72t>9 

(».33o(» 

3.9991 

•  !>n 

H^  y  53h 

f .    c  0  ft  f . 

H^  520  H 

"♦.J. '♦78 

3.8253 

CA 

•  70 

f  *     7  0  ft  7 
4^  f  coo 

/«      7  4'l.  Q 

3.9593 

3.651(» 

•  bO 

1.     C  ft  7  4 

H«  5  U  ol 

1.      4  ft  il  C 

H • 10 ^5 

3.  770^ 

3. '♦775  . 

•  be 

0  7U  ft 

4»  2  f  0  U 

7     ft  ftf.  ft 

,  3  •  ^  Oh  0 

3.5  322 

3.  S3 36 

•  bH 

7    c  0  ft  c 
3  •  b  70  5 

3.3937-  3.1298 

•  Ob  ^ 

7     k2  0  7  £. 

7     f.  ft7  ft 

3 • H?3  0 

3.2052 

m  2.9559 

•  68 

3.  6025 

3^2876  • 

3,.0166- 

2.7820 

•  70 

3.  3  773 

3.0^821 

2.*8231 

2.6031 

•  72 

i.  1522 

24.8.766 

2.6395 

»2.'»3'»3 

.7«f 

2^9270 

2^6712 

2.'»510 

•  76 

2.7P19 

2^'f657 

2.2625 

.  2.0865 

•  7^8 

2.«»767 

^  2.2602 

2.0739 

1.9126" 

•  80 

2^2516 

2.05'f7 

1^5«» 

1V7388 

•  82  - 

2..026t»„ 

1^S^93 

1.6 '9  6  8 

•  1.56«»9 

.6k 

1.8012 

1.6'438 

1.5083 

1.3940 

.is 

1.5  761 

l.tf383 

1.3198 

1.2171 

•  88  ' 

1.3509. 

1.2328 

1.1^312 

l.'D«f33 

•  90 

1.1258 

1^027^ 

.9427 

.569^ 

Mm. 

^422  :  ^ 

4 

0.12 

7.2i»97 
7.088b 
6.9275 
6.76&'» 
6.6053 
6.'»'»'»1 
6.2830 
6.1219 
5.960  8 
5.799.7 
,  5.6,38-6 
5.i»775 

5.1553 
i». 99*^2 
i».8331 

<  ^,6720 
(».5109 
'♦.3i»98 

•  t».1887 

*-  i».02f4 
3.3665 

.  3.705«» 
3.5i»«»3 
3.3832 
3.2221 
3 . 0  6JJ 
2.8999 
2.7388 
2.5777' 
2.U166 
2.2555. 
2.a9<»3 
1.9332 
1.7721 
1.6110 
l.'»'»99 
1^28  8  8 
1.1277 
.9666 
.  .$055 
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Table  8-22.  ,-Huel  Cost  Factors 


ANNUAL  RATE  OF  FUEL  JNCRE-ASE 
NUMBER  OF  YEARS  =  30 


'  F 
."  .10 
.  -12 

•  16 

•  la 

.20 
.  .22 
,Z\ 
.26 
.26 
.30 
.32 
„Zh. 
.36 
.38 

.ti2 

/~i52 
.?4 
.56 
.5A 
.60 
.62 
.6(» 
.66 
.68 
.70 
.72 
.7t» 
.76 
.78 
.80  ° 
.82 

•  ^v 

.86 

,90'-* 


fO^J)8 

12.2999 
12. 0265 
11. 7532 
ll.t»799 
11.2066 
10.9332 
10. 6599 
10.  3866 
10.  1132 
9.  8399 
9.  5,666 
9.  2932 
9.  0199 
8.7i»66  ■ 
8.  ^^732 
3. 1999 
7.9266 
■7.  6533 
7.3799 
7. 1066 
6.  8333 
.  6.  5599 
6.  2866 
6.  0133 
5.  7399 
5.  (»666 
5. 1933 
'».9200 
t».  6U6|.... 

3733" 
••♦^  1*00  0 
3.8266 
3,5533 
3.2800 
3.  0066 
2.7333 
2.i4600 
2.1866 
1.9133 
d.6(»S0 
1.3667 


0.09 

11.1018 
1  0 . 8  55 1 
19.60d(» 
10.3617 
10.1150 
9.3633 
9.6216 
9.37'»9 
9*1232. 
8.3815 
3.63'»8 
8.3830 
8.1(»13 
7.fl9'»j6 
,7.bt»79 
7.t»01.2 
7.15t»5. 
6 . 91)  7  8 
6'.  6611 
6  .  <»  m  (» 
fe.l677 
5.9210- 
5.67'»3 
5.t»276 
5.130  9 

'».587t» 

'».t»t»0  7' 

V.  19t»0 

3.9t»73 

3.700  e 

3.t»539' 

3.2072 

2.9605 

2.7138 

2.i»67l 

2.220.«f 

1.9737 

1.7270 

l.(f332 

1.2335 


=  .02 


0.10 


10.3822 
9. 3581 
9.53'»1 
9.«»1"00 
.  9.1860 

'  9.^619 
3.7379 
8.5138 
8.2898 
8.0  o  57- 
7.  3'»17 

•  7.6176 
7.3936 
7.1695 

'  «».9'»55 
6.7215 
6.,|»97«» 
6.273'» 

,  6.0'»93 
5.8253 
5.6012- 
.  5.3772, 
5il531 
'♦.9291 
'♦.7053 

'  '♦.'♦810 
'♦.2569 
(♦'.0  329 
3.3388 
S.58(^8 
3.3637 
3.1367 
2.9126 
2.6886 
2.(^645 
2.2(^05 
2.ajL6<» 
1.792«^ 
1.5683 
'  1.3i^t»3 

f 1.1202 


9.2087  . 

■g.oo'^i 

8.7995 
8.59'^8r' 
8.390  2* -S 
8.1856  ^■ 
•7;9309 
7.7763,. 
7.5716  %  - 
7.3670  , 
7.152'^ 
6.95  7  7  . 
6.7531 
6.5'^8'^ 
6.3'^38 
6.1J92  ■ 
5.93«^5 
5.7299  : 
5.5252  \ 
5.320  6  - 
5.^60  . 
'♦.9113  ' 

'  '♦.73^7 
'♦.5021 
'♦.297'^ 
'♦.0928 
3.3881 
3.-633  5 
3. '♦739 
3.27'»2 
3.0696 
*-2.JJ6'»9 
276T69  3 
*2.'^'55  7 
2.2510 
2.0 «♦«■>'♦  , 
l.8'^17 
1.6371 
I. '♦32  5 
1.2278 

'/  1.0232  , 


0. 12 

•  8.'»559 
8.2680 
' 3.0300 
7.8921 
7.  70 '♦2 
7.516  3 
7.328'^ 
7.L'»05 
6.9526 
6.76'^7 
6.5763 
6. 3389 
6.2010 
6.0-131 
5.8252 
5.6372 
5.'»'»93 
5.26m 
5.0735 
(♦.8856 
(♦.6977 
'♦.50  98 
'♦.3219 
'♦.13(^0 
3.9'^61 
.3.7582 
3.5703 
3.3823 
3.19<^'» 
3.0065, 
2.8186 
2.63  0  7 
^.(•'♦^28 
2.254^ 
2.3670 
1.8791 
1.6912 
1 . 50  33 
1.315'^ 
1. '12  7  if 
r  .9395 


Table  8-23^  Fuel  Cost  Factors 


ANNUAL  .RATE  OF 
NUMBER  OF  YEARS 

.    ,      I  0.08 


FUEL  INCREASE  =   .  OU 
=  30 


F 

•  10 

15^  2U78 

•  12 

Ik^ 9090 

I'fc  570  1 

•  16 

l<f  •  2313 

.•i8 

.13.  892'* 

•  20 

13. 5536 

•  22 

13^  21<»6 

12^  8759 

•  26 

12^  5371 

•  28 

12^ 1982 

•  33 

^11^  859^ 

^  •32 

11^  5^06 

•  3^ 

11^  1317 

•  36 

1-0*  8^29' 

•  39 

10^  50<«0 

•  ^0 

10^ 1652 

.  •^2 

9.  826<» 

9.  '♦875 

•  ^6 

9. 1U87, 

•  ^S 

8.  8^98 

.•50. 

8.  '♦710 

•  52 

8.'*1322 

•  5^ 

7. 7933 

•  56 

7.'^5U5 

•  58' 

7. 1156 

•  6C 

6.  7768 

•  62 

6. '♦360 

t%  n QQ 1 
0.  U  3 7  1 

•  fi6 

.  wO 

fl^?  .    f  U  W  «J 

.68 

fl^.  h21U 

.70 

5. 0926 

.72 

k,  7U3'8 

.  .7U 

<♦. '♦i}U9 

.76 

<♦.  0661 

.'78 

3. 7272 

.,.80 

3.3B8U  • 

,.82 

3«0'U96 

'  .8if 

2.710  7 

2.3719 

.88  ' 

■  2.0330 

.90 

1.  6'9*»2 

% 

J, 

•      0*09  . 

13.5997 
13.2975 
12.9953 
12.8931 
12.3909 
12.0887 
11.786U  . 
ll.'-»8U2  ' 
11.  1820  • 
10.879  8 
10.5776 
10.275«<' 
9.  9731-  . 
9.670? 
9.3637  . 
9.0665  • 
8.76U3 
8. '♦621  ' 
8.1598  ■ 
7.8576 
7.555U 
7.-2532 
6.95% 
6i6'-^8  8. 
6.3-'^65; 
6.0<fU3 
5.'7<^21. 
5*Ui99 
5.1-3^^"7.' 

'♦.^533  2 
{♦.231C  - 
.3.9288 
3.6266 
3.32U<»  ' 
3.0222 
2.7199 
2.U177 
2.1155 
K8133 
•  1.5111 


O.lp 


12.2119 . 

I.  1. 9  «♦  05 

II.  669X 
ll.i978  , 
11.126U 
13.8550  ■ 
10.5836 
10. "3123  ■ 

''10'.  QUO 9 
9.  7695  ' 

■9»u9ai 

•9.2268 
.  8.'955U 
&.68'U0 
3.m26 
'    8.. I VI 3 
7.8699  ^ 
7..  59^5 
7.^?71 
7.05.58 
6.78U'*  • 
6.5130' 
6.2U16  « 
5.9703  ' 
-^;5.5989  , 

5.U275  % 
.  5.156'1 
-  '♦.'8  8U8 
'♦.613U 
/  U.  3U20 
'♦,-^706 
3. 7993 
.|3.5279 
3.2565 
2.9851 
2.7138*  \ 
' 2.UU2U 
2.1710 
•  1.3996 
; 1.6283 
1.35^9 


0.11 

11.0355 
10.7903 
10. 5  US  1 
iPi2  998 
lb.05U6 
9.8a9U 
.9.56«>'l  ■ 
9  -.  318  9  • 
9.0737 
8.82^«t  ' 
8.5i^32 
8.3380  ' 
8.-0927 
7.a<f75 
7'.6323 
7.3570 
7.1118  ^ 
6.8666 
6.6213 
6.3  76ri 
6.1309 
5.8856 
^oUOU 

5.1«»99 
'♦.9a'^7_  ' 
'♦.659A 
U.til^i^ 
tt.l69C 
3.92.3? 
3^%785 
3.t»333 
3.1860 
2.9«»28. 
^.6976 

r;u523 

2.207.1 
1.961r9  <: 
1.7166  ' 
l.V71<^ 
1.2262 


10.9321 
.  9.8092 
9.5^862 
9.3633 
9.4U0^ 
8.417t» 
8.69 '♦S 
8. '♦716 
.8.2'»86- 
8.0257 
7.30^7 
7.5/98 
7.^5.69 
7.133i^ 
6.9110 
6.6881  • 
'8.'^651 

6.0,193 
5.7963 
^5.V3'» 
5.3^05 
5.1275 
.'♦.90'^6- 
'♦.6816 
-'♦.i^587 
•'♦.2358 
'♦i0128 
3.7899  * 
3.561^0 
.3.3'^'^0 
'3.1211* 
2.8982 
2.6752 
^'♦523 
2.229'^  ' 
2.006<« 
1.?'835 
1.5605 
1.3376 
l.ll'^7 
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Table  8-24.-  'Fuel  Cost  Factors 


annuaI  rate^o'f  fuel  Increase  =  «06 
numqer  of  years  «  30  . 


'  'I 
•  F  V  ^ 
.10 
.12 

.u 

.16 

8 

.2«» 
,Zb 
.28 
.30 
.32.  . 

*n 

.36; 
.38 
^<*0 

.(»6 

.50' 
.52 
.5(» 
.56 

;:58 
,60' 
,62 
..6f». 
</66  ' 
.68  . 
.70 
.72 
,7t* 
.'76 
.78  • 
.80  " 
.82 
.8^(» 
.86  ' 
^88  - 
•  90 


0.08 

1^.-3152 
18.  88^0 
-18'.  (»568 
18, 0275 
17.5983 
17.1691 
16.  7399 
1^.  3106 
15.'8ar«» 


.16 
15 

15 

m 

13 


-.0132 
.6351 
.2l7l 
.4790 
.5009 
.'1228 
.7M8 


15.«»522  **13 
15.0230  13 
-l'».5e37.  %Z 
l'».16i»5  •  -  1'2 
13;  7.353  12 
13.  3060  '  11: 
12-.  6766-  11 
\l2,kt*7%'  iO 
'  ili^lOt*  IG 

i'i.?d9i  10 

11.  i5-9'9'  9 
10.  7307  9 
.10.3015^^  9 
.9*8722  8 
9.4<i7Q  8 
:  9.0138  7 

8.  5-8'»i^^ 
\8.i553  '~7 
X.-^Z&l    .,  6 
'    ^2969  6 
-    6.  8676  ^'6 
SikZQi*  ^5 
,6,0  092  ,  5 
5.5800  ^;«» 
5.1507  *,  •  I* 
■4.721S.    ;  <» 
'  «»^2921*  3 
3.8630  3 
3.<*338'^  3 
3.  OOttef'  2 
2.5754  2 
.2.1«»61:  1 


.610  6 
.2325 

.'♦763 
.3983 

.96«»1 
.5860 
.2079 
..a298 
.(»518 
.OJiSl 
.6956 
.3176 
.9395 
.56l<». 
.1333  . 
.835  3 
i«»272 
.0«»91 
.6711 
.293  0 
^^l-»9 
.W69 
.1538 
.730  7 

•  t»026 

•  02(»6 
.6(»55  , 
.268(» 

..a9(fi» 


-  0.10' 

(  15.*i89«»l 
7S87 
i((.^232 
1(».0878 
13.752«» 
13.<»W0 
11. 3816 
12.7t»6i 
12.t»ia7" 
. 12.0753 
.  11.7399 
ll.<»04.<» 
11.0690 
iO.7336 
10.3982 
10,3627 
f .727J 
9.3919 
9.0565 
».?'210- 
8.3856  ' 
8.050^2 
7*71«»8 
7.3793  ■ 
7.0«»39 
' 5.7085 
6:^3731 
6. J  376 
5.r022 
5.3668 
5.031'* 
(».695$ 
<».360'5 

3>i6897 
^  3.35«»2- 
'3.0^188  • 
2.683(»  , 
2.3«»80 
'  2.012f* 
1»6771 


5  , 


{ 

42S  '  ■ 


O.Il 

13..V839 
t3.18(»3 
12.3847 
12.5850 
12.i85«» 
li.9d5  7 

•  11.6861 
11.3864* 
11.0868 
10.7872 
10-. 4875' 
10.1879 

f,  9.8882 
9..  588  6. 
9.2389" 
'8.989,3 
8.6897' 
8.390^0 
8.0904 

'  7.79^07 
7.4911. 

.  7.1914 
6.8918' 

^8. 5  92-2 
6.2925 

.5.9929  • 
5.693^2  ^ 
.5'.393.«  . 
5.0939 

-  4.7943. 
4.4946 
4,.1<^50 
3.8954_ 
3,5957 

'3.2961' 

.2.99^ 
'2.696.8 

.  2.?371  ^ 
2.0975^. 
1.7979 
lv.49e2r 


0.12^ 

12.1244 
li;8550 
11.5856 
li.3161, 
11.346^^ 
10.^7773 
10.5078 
10.2384 
9;.  96  9  0 
9.6995 
9.4301 
9.160  7- 
8.8912 
8.f^lr8 
8^3524 
8.'0829> 
7.8135, 
7.5441  ' 
7.2746 
7.0052 
'6.7358 
6.4664. 
$.1969 
, 5.9275 
5.65<fl, 
5.3886 
5.119^ 
4.S.498 
4.580*3 
4.3109 
4.0415 
3.772-0 
.  3.50^6  - 
3.2332 
.2.9637 
.  2.6943 
2,4249 
2.1555 
1)8860^ 
1«61.66' 
1.3472 


Table-, 8-25.    Fuel  Cos't  Factors 


ANNUAL  RATE.  OF.  FUEL  INCREASE**  .08 
NUH8ER  OF  YEARS  =30  •  i 


F 

.10 
.12 

;16 

.18 
.20 

.  .2'* 
.26° 
.28 
'  '  .«30 
.32 

."36 
-.36" 

Wo 
.(»(* 

.50 

•  56 
'  .58 
.60' 
,62 
•  .6<» 
'•^-^66 
.,58 
.70 
,  .72 

•    •  .76 

Tao 

'  >  .82 
.8<i 
.86 
.68 
.90' 


'  0.08 

25.  000  0 
2(».  <f 
23,.  8>i89 
23. 3333 

.22. 7778 
22..  2222 

.  21, '666.7- 
21.^1111 

'20^.5556 

20.  aoo^  . 

19.*i»'»'»4' 
18.a889 
IS. 3333 
17.  7778 
17.2222 
16.6'667 

I6.1M1  ;.' 

15^5556 
15..  000  0 
!<♦.  MUkt*  • 

'  13/3333 
.12.  7778 
12.22l|^/ 
Hi  66^ 

,  ll-..lll^  . 
10.  5556-  • 
10.  0  00-g 

8.  8889 
8.':3333. 
7.  7778 
,   7.^222  • 
6.r6667 
6.1111 
^.'?556 
'^SiQOOO. 
(». 

8^89  « 
3,3333 


.  0.09; 

21,.7'»l'0 
•.  21.2578 
.  20.  77'*  7 
20.2916 
*  19.308'». 
' 19.325J 

^  y#?'»?2 

9»90 
.^1»5  9 

.  l  '7W928  ^ 

16.909.fii 
■  16.'»26| 
15.9'»3?- 
'  15^<t602 
1^.9771 
.1  (>'..<»  9^0 

.'  i^.oida 

l3.52>r 
I3.0'»t»6 


o.iq 

19.0'»96 
19^6262 
18.2029 

.  17^7  796 
17.3563, 
16.9329 
t6i5096  • 

.16'. .03 6 3  , 

'  15..  6630 
15*.2397 
1«».8163'' 
lt».39I0 

'  13.96-97 
13.5<»6«» 
13.123D.  • 
12.6997  " 
12,276'» 

I,  1  ..8531 

II.  ^297 


12.561^  j|  ll,006(f 


^^.0783  . 
11.5952 
11.1120 
10.6289 
,10.1«»58 
9.(^26 
9il795 
,  8.696'» 
8c2l32 
7.7301 
7.2W0' 
6.7639° 
6.-280  7  . 
5.7976 
'  5^lfv5 
'♦J.  831  J/ 
V.  j<i82  . 
3*.  8.65 1 
3.3819 
2.8988 

■:2..t»i5-?^ 


40. 
OV 


5811 
1598  . 
9.f36«»'^ 
.  9\v3131 

■  8;(»665 
''8.3«»-^2. 
'  7.61^8 
•7»H965 
6.7732" 
^  6-.3'»99 
/:5,i''1265 
5;5032.' 
5,0799 
'  l»'.6566  . 

<».2332 
'^■3.JI099C 
V:3'.  38*66 
2.963^ 
.  2.5399 
2.11^66' 


0.11 

16.8130 
16.<»3(9'» 
16.0658 
15.6922 
15.3186 
■l'»;9'»V9 
1'».5713 
.1'».1977 
13.I2V£ 
13,<»5^ 
13.0768 
12.70  32 
1-2.329  6 
11.-9559 
11,5323 
11  .2387 
10.8351. 
lO-t^eii* 
10  .0'87-8 

9.7U»? 

9.1'»06" 
,   8'* 9673. • 

.8^59  33 

-  8.2197 
K8«»61 

'  7.47|5 

•  /..3  9a8 
6-.7252' 
6.^516 
5.97/8a. 

'5.63«»3 
.  5.2307 

.  «».8571 
.  ;'»'';'»835 

\«f  .iO.99 

3k7362 

•  3'.  3  62  6' 
/  ?.^890 

,  2.615'f 

-  ^.^|*t7 

•  1.-B681 


^  0.12 

1(».9'»29 
lt».61Q8 
l'».2L788 
13.9'»67 
13.6l'»7 
13. 2826 
12.9505 
12.6185 
12. 28,6  tf 
11.95'»3 
11,622.3 
11.2902 
10.9581. 
10.6261 

/ia.29(»0 
9.9619 
'«4  6299 
9,2978 

,  fl,9657 
9.631^7 
8.301^ 

.  7.969"6^ 

^  7.637iP 

6;^73(* 
6.6t»13 

•  6.3092 
'5*9772  < 

\5.6VS1 
'°5.3U0' 
4%  98 1  a 
(».6<»fl9. 
ti.?lS3 
3.9a<*3 

.  3.6^2  7 
3.3206. 

.  .2,9«J16  '' 
2i65iL5 
2.32/»J>' 
1?992'» 
1.66^3  ' 
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'  Table- .8-26.    Fuel  Cost  Factors^ 


ANNUAL  RATE  'OF  FUEL  INCREASE  e  .10  . 
h4UM9£R-OF  YEARS*  =  .31 


T           A    n  ft 
i           "  *  V  p 

A     A  ft 

0.09 

^  O.IO 

0.11 

0..  12 

•  10 

7  7    f1  7  7i>. 
0  0  •  U  1)  0  H 

c 0 .3003 

2h.5^5^ 

21.3985 

18.7909 

•  Ic 

0       7  7  c  ft 

2  7. 7360 

S^^i^OOOO 

20.9230 

18.373yf 

7  4      C  CCf% 

27.1056 

2T.^5<*5 

'  20  .'♦'♦7«» 

17.9557 

■  •  10 

7  A     11  7  4  0 

/.  7C"o 

CO  Joe 

22  ..9091 

19.9719 

17.5382 

•  10 

7ft     A  Q  7  4 

0  C     ft  f  f .  n 

25 • 8hh9 

22  •  3636^ 

19.'»96'» 

17.12  0  6 

* 

9  A 

c     3  0  0  0 

25^^  21^»  5 

21^8182 

19^0209 

16.7030  • 

5  ft     C  0  UQ 
C  0.  Oc  0^^ 

2h.  5oh  1 

21.2727 

18.5'»5'» 

l-6.285'^ 

•  CH 

Of  ft  OK  A  r 

c  f . q3^^ 

23  •  953&/ 

^  20^7273 

18.0698  - 

15.8679 

• 

•  CQ 

^  c  r  .  1  oO'o 

23. 323^ 

20\  1818 

17.50'*3  - 

15. '♦503 

•  CO* 

CO.  He  0  f 

2  2 •gSp  1 

19.636'* 

17.1188  * 

15.0327 

•  0  u 

CP.  0    C  D 

22  •  U  q2  7 

19.0909 

16.6<»33 

1'».6151  - 

CH.  ^-POO  ^ 

2 I4  h3Z3 

18  •  5^5^ 

16.1677 

1«».1976 

^  ft      d  ft^CM 

2  0  •  oOcaI 

18..  0000 

15.6922 

13.7800 

23. h904 

21)  •  171  6 

\  17.45^5 

15.2167 

13.362(^ 

•  »>o 

*  22. 756 J 

19^5'il2 

I6.9p9l 

l'».7'»i2 

12.9i^'^« 

f «  A 

• 

22.0223 

4  a        4  ft 

18.910  9 

16. 3636 

If*. 265  7^^ 

12.52  73 

;  ^9 

^9  4     Oft  o'o 

,^ cl.  2o 82 

18  ..280  5 

^15.8182 

13.7901  ^ 

12.1097 

• 

OA     C  C  «.  « 

17.6dO  2 

15.2  727 

'  13.31«»6 

V          •  HQ 
^  •Ho 

4"^      ft  0  A  A 

17. 0198 

I'f-.  7273 

12.8391 

li.27'^5 

16  •  3o9h 

1<»^1818 

12.3636 

10^8570 

* 

4  A      7  C  «  ^ 

18. 3519 

15. 7^91 

13.636<» 

11.8880 

10. '♦39'^ 

0' 

so 

4  7     C-4  7  • 

If. ol78 

• 

1?. 128  7 

13 .3909 

U.'»125 

10.0218 

• 

4  c    ft  a  7  *y 
Id.  qo^J 

' 1 H. h9o3 

12  •  5«»55 

13.9370 

9.60'^2 

'      •  ^>o 

lo.  1h97 

13.8680 

12 •30  33  - 

10. '♦615 

9.1867  ^ 
8*7691 

^ iH. po 15 

13.2376^ 

11  .'♦S'fS 

9. .9860 

• 

A  A 

12^6'J73 

10 •9091 

9.510'* 

8.3515  , 

•  oc 

1 3.  9h7h. 

1 1^  9769 

10. 3636 

9.03(»9 

7.^9339 

• 

47  0  4  7  i 

11. 3 A6  5 

,  9.8182 

8.559<» 

7.516'^ 

•  66 

10.7162 

9.2727 

8.0.839' 

7.0988 

11.  7«»52 

10.0  858- 

8»7273 

7.608(» 

6.6812 

.  *11«K)111 

fl'.18lft 

7.1328 

'6.2636  ^ 

10.2771 

•8.3251 

7.63&H 

6.6573 

5.8'^61 

'  9.5«»3a 

8.19«»7 

7.J5909 

•6*1818 

.5. '♦285 

.^76- 

.7.56«»«» 

6. 51*55 

5.7363 

5.0109 

.74 

3w07«*8 

6.93(»0 

6..  0000 

5.23Q7 

'♦.5933  • 

^  .AO 

.    7.3«»S8'  ' 

6.7336 

<».7552 

'♦.1758 

•  82 

6.  &0o7    ■  . 

5.6733 

'♦•9091  ^ 

'♦.2797. 

3.7582 

.  94  ^ 

5.8726 

5..0<^29 

<».3636 

'  3.80'^2 

3.3'^06 

."\86 

^  5.1385 

'♦.'♦12  5 

?.ei82 

3.3287 
2.8531 

2.9230 

3.7322 

2.5355  . 

•  93  ' 

.  <6 

3.X518 

« 

^./%73 

2.3776 

2.0879 

ERIC 
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Table  8-27.    Fuel^ost  Factors 


ANNUAL  RATE  OF  FUEL  INCREASE  =  .12 
NUMBER  "OF  YEARS  =  30 


I 


F 

•  10 
.12 
.!<» 
•  .16 
.18 
.'.20 
•'.22 
',Zt* 
.  .26 
-^28 
•'30 


^it*.  t»901 
^1,  SOlt*- 
«»2.  5127 
'♦l.'52M 
'♦O.  535V 
39.  5'*67 
3,8.5,581 
37.  569'* 
36.5807- 
'35.  5921 
.3'».60;j'4 
. 3)^^33. 61W" 
32.  62^'l;r 
.36  ''31.637k 
30.6^87 
29.  1 
2d.6^71t» 
.27^827  " 

#167/ 

?e%739«f 

21.7.507  . 
20.  76216 
19.  7  73«»  ' 
18.  78'»7  • 
17.-796  0 
16.  807'* 
IS. 8187 
lt».  6300  V 

12.  852.7 
11.  86«»'t5 
Iff./ffBi*  . 
9.[i867 
8.^^80 
7,W3 
6.920  7 
5»932  0 
<».9i*33 


0.09 

37. 7W'* 

3fe.90\7 

36.065€ 

35.2272 

3'».  388 c» 

33. ^'♦97 

32.7109 

31.8722 

31.03'3  5« 

'?0.19'»7 

:  2  9.  356  0 

. 2^,517  2 
27.6785 

-  26.H39* 
2'6iQ*010 

,  25^1623 

,€3. its'*' 8 
e2.6i»6  0 
'  21.3073^ 
'20.9JSf<^ 
20.129^ 
19^91,1 
1*W52.3 
■  17.6136 
16.77«».8 
15.9361-.  ' 
i5.'097*» 
It*. 2556 
13.£»199 
12.*811 
ll'.7i.2'» 
i'0.9336 
\0.06'»9 
9.*^62 
8.387t» 
7.5Ad7 
6.70^9 

5.ari2 

>5.,032  5 
•  A*  1937 


.0.10 

32.2632 
31. ^'♦62 
30.8293 
30.1123 
29.395'f 
28. 678'* 
27.96m  . 

26.5275 

25.8196  . 

25.0936  . 

2'».3766 

23.6597.. 

22.9'»27 

22.2258 

21.5088 

2Q\7918 

20  .07'»9 

19.3579 

17.92'»0 
17.207JJ 

15.7731. 
15.0562 
1<».  33-92 
13.6222  . 
12-.9053 
12.1883 
ll.'i71'» 
10  .75'»'»v  ' 
10.037'* 

9.3205  ' 
8.6113  5 
7.8886^  ^ 
7.1696 
6.<»526 
5^7357 
5.0187 
<».30J.8 
3.58U8 


i).ll 

27.7860 

27.1586 

26.5511 

25.9336  _ 

2.5.3162 

2'».6987 

2'».0812. 

23.<f638 

22.8t»63 

22.2288 

21.611'* 

20';  993,9^ 

20  .3  76(»  I 

19.7590 

19. 1*^15* 

lfl.52'»0 

£7'.9Cfi6 

17.2891 

16.6716 

16.05'»2 

15. '♦367 

1«».3192, 

1<».2018 

i3.'5  3U3 

12.9668 

12.3'»9'»  ."^ 

11.7319 

li.ll.'*'* 

n.'»96.9 

^^.8795 

9.2620 

d.6<»<t5 

«t.027l 

7.«»3-96 
' 6.7921 

6.17«»7 

3.5572 

'♦,939  7  ; 

'♦.3223 

3.70^8  ' 

3.0873 


0.1^ 

2'^.loVl 
23.571'* 
23.035> 
.22.500  0 
21.96'*3 
21. '♦286 
20.8929 
20..  3571 
19.821'* 
19.2857 
18  .  754J0 
.18.  21 '♦3 
17.6786 
17.1'r29 
16.6071 
16.071«» 
15.5357 

i5.ooiro 

14. '♦6 '♦3 
13.^286 
13.3929 
12.8571 • 
12.32M 
11.7857. 
1-1.250C 
10.71'^3 
10.1786 
9.6'»29 
9.1071 
-.8.'571't 
8.0357 
7.5000 
6.96'^3 
6U296 
5.8929 
5.3571 
-'♦.821'* 
'♦.2857 
3.  7500 
.3.21'^.3 
'2.6786 
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INTRODUCTION 


TRAI|<EE>ORIENTED  OBJECTIVE;      To  understand  energy-conservation 
'  methods  and  be  able  to  choose  and 

^  incorporate  the  nwst' cost-effective 

methods  -of  saving  energy 


SUB-OBJECTIVES:  .    At  the  end  of  the  module  the  trainee  should. 

be  able  to: 


1.  Obtain  an  ovei^view  of  projected  cost  and' implications 

%  *" 

2.  Identify  and  describe  three  major  "factors  in  excess 
*  energy  'usage  of  ... 

a.    Building  design 
'  b'.    Building  operation       ^  '      .         '  • 

c.  Building  maintenance' 

3.  Describe  the  eaergy  saving  benefits  of      ^  . 

a.  Glass  area  and  type  • 

b.  External  shading 

.4        .c.    Proper  si"2ing  of -heating/cool ingi; equipment 

d.  Buffering  of  entryways*  ,  '  j 

e.  Insulation  ri. 

Ik 

'r  4.    Design  cost-perfonn3nce  models  considering  material,  . 
labor,  and  overhead  \ 

-  5.    Describe  the  benefits  of.  using  load  models  to  determine 
ce^  sav.ings  .       '  "  ^ 

'    6.    Utilize,  load  models  to  determine  cost  savings'^ 

7.    Describe  the  sensitivity  to  change  in-costs  of  energy, 
construction, ^maint^nce,  operation,  anci^  Investment 
funds,  '  ■ 


-    It  IS  oot  the  intent  in  .this  module  to  discuss  all  potential 
eherg>.conser.yafk)n  rtieasures,  but  rather  ta  point  out  a  ^ew  and  pre- 
sent a  few  detailed  exarrples  where  the  measures  are  significantly 
beneficial,  especid^Jy^ for  solar  heating  and/or  cooling  systems.  ' 

In  the  past,  home  design  has-  been  based  on  an  .abundant' supply 
of  cheap  energy.    Now -that  these  conditions  of  supply  and  cost  are 
changing.,  the  reconsideration  of  heating  and  cooling  equipment,  archi-  * 
tectural  designs,  construction  methods, '-and  home-user  practices  is 
necessary.    More  effective  means  must  be  devised  to  make  efficient 
use  of  energy  in  residential  buildings.    There-are  approximately  70 
million  residential  living  units  in  the"  United  States  and  th^-.-s 
account  for  approximately  one-fifth  of  the  nation's  energy  coofurfip- 1 

'My'-  -'1 

tion.    Of  the  total  energy  produced  in  the  United  States,  app^T^5^iitjaMly 
11  percent  goes  toward  residential  space  heatiag.'  A  srnall ,  bi/^-p^otential ly 
srgmficant  amount  of  the  total  electric  power  generatlfd  *.is  attribut- 
able to  cooling  of  residential  buildings.    The  , potential  ^0/  energy 
savings  that 'can  be  realized  in  building  eonstruction  makes  this  sub- 
ject  as  important  as  developing  new  energy  sources. 

Federal  agencies  are  concerned  with  establishing  energy-conser- 
«    *   * '  *' 

vation  measures  and  practices  in  existing  as  well  as  new  buildings 
Guidelines  are  available  through  regional  offices  of  these  governmental 
agencies.    In  addition,  conservation  information  is  available  through 
the  National  Association  of  Home.  Bu-i^lders  and  public  utility 
companies".^     '  '  .  - 
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This  module  is  concerned  with  four^  areas  of  energy  impact: 
1.  .  Architectural  emphasis 

?.    The  materials  to  be  used  in  the  construction  of 
•    the^  building  .  '  . 


.  I  3*    The  proper  selection  of  heating  and  cooling 
equipment  ^ 

'4.    The  home-user  practices  for  operating  and  maintatning- 
'         the  residential  ^dwelling. 

Any  energy-<:bnservatio^modification  must.be  based  upon  cost- 
performance  (or  benefit)  decisions.  / 


~    /    '  ENERGY  CONSERVATION 

The  recent  concern  over  increasing  pfices  for  fuels  that  are  J^j^- 
short  supply  has  drawn  attention  to  the  need  to  improve  the  efficiency 
of  house  and  conffnercial  space  heating  and  cooling.  The  use  of  solar 
heating,  and, 'in  some  c^ses ,  sol^ar  cooling,  should  Reduce  the  cost  of  . 
these  improvements  over  the  whole  life  of  a  ho'use  in  locations  where-  ' 
the.  cost  of  solar  energy  is  not  too  high,  and  fuel  costs  are  not  too 

,  low.    Heating  and  cooling. capi tal  and  operating  costs  presently  amount 

*  '     -  ^        -   '    .  ' 

to  10  percent  of  mortgage  costs  or  nearly  3  percent  of  the  gross  earnings 

of  the  average  U~.S,  home  owner.    Since  these  percentages  will  likely  in- 

crease  with  time,  o'mproveinents  in  the  thermal -design  of  homes  and 

other  buildings  may  be  justified  now*    In  most  cases,  a  decision  has 

*  been  made  as  *o  the  best  value  of  insulation  and  other  thermal  enhance- 

ments  fx)r  the  entire  life  of  a  building  prior  to  construction.  These 

decisions  tend  to  be  irrevocable,  in  light  of  the  high^cost  of  build- 

ing  modi fi*c9t ions  or  retrofits*    Consequently,  it  is^necess^ry  that 


"^•design  data  and  analysis  procedurfes  are/'tjsed  prjor  to  initial  building 

design.    In  t^e  final  analysis,  uncertainties  as  to  future 'fuel 
,  prices  make  all  such  designs  no  more  than  calculated  guesses  as  to' 
'  what' the  optimum  modifications  or  chaliges  to  consider  in  the  thermal 
design  of  a  building  should  be.  -  -  . 

As  anvexample,  Table  9-1  indicates  some  general  trends  for 
•energy  conservation.    The  left-hand  column  indicates  , typical . geographi 
cal  characteristics,  and  the  C9lumn  headings'  along  the  top'of  the  page 
indicate  potential  energy^gohservation  measures.    Double  plusses  in 
the  table  indicate  a  strong  positive  effect  of  the  energy  conservation 
measure  for  the  particular  geogVaphical  characteristic;  single  plus 
signs 'indicate  a  moderately  positive  effect;  a  ze^o  indicates  little, 
if  any,  positive  effect;  and  NR  indic^es  a  "not  relevant"  effect. 
Where  the  cost  of- fuel  is  greatTlnost  of  the  conservation  modifica- 
tions  yield  strong  positive  effects.    Obviously,  where  the  cosfof 
\ener'gy  IS  less,  ttiere  is  less  benefit  (terived.    Thjs' table  is  not 
m^nt  to  be  all-inclusive,  but  rather  to  give  some  general -trends  and 
I  sqme  energy-conservation  measures  that  the  designer  should"  keep  in 

mind  for  a\iew  buildirf^.  -  In  addition  to  the  general  chart.  Tables  9-2 

»        '  ,    

, and '9-3  give  examples  of  retrpfit  packages  which  have  been  proposed 
by^the  National  Association  ofJome  Builders  to  be  used  a§  entire 
packages  for  energy-conservative  retrofit  businesses.  Some^examples 
of  energy-conservative  design  changes  will  be  used  later  in-this 
mo,dule  to  indicate  possible  cost  "savings",  aod  whether  the  cost  sav- 
'ings  are  economical.  *  ^  X 

 Tfiere-are  three  major  factors  con^'buting  to  excess  energy 

usage.    These  factors— fnvol ve  building  design^  operation,  and  main- 


tenance. 

■  ■  ■    .■  ■  X 
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TABLE  9-1-    Energy-Conserving  Modifications 


t 

CD 
r 

Set- 

t  for 

1  r- 

I. 

• 

*     t                                            ■  * 

• 

* 

Geographical  Characteristics, 

Storm  Window 

CD 
M 

Of  2 
r—  O 

-£>  -O 
3  C 
O 

O  3 

storm  Doors' 

Weather  Stripped 
Windows  &  Doors 

Reduced  liindow 
Area  '  - 

Increased  Wall 
Insulation 

Reduced  W^indow  A» 
.and  Storm  Windows 

Thermostat  Night 
back  (Heating) 

Heat  Recovery  Uni 
Furnace  Flue'  lGas 

Automatic  Flue,  S\ 
Off  for  Furnace 

High  Performance 
Air  Conditioner 

lOpen  Air  Cycle  fc 
Air  Conditioner 

Orientation 
(Long  Axis) 

Reduction  in 
Internal  Load 

UKi   pULD  M  urir  LKM  1  UKt 

++ 

TT 

+ 

+ 

++ 

++ 

+ 

+ 

+  > 

,0 

0 

+ 

'  Moderate 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0 

Warm 

•a 

0 

0 

0 

0  . 

0 

.  0 

0 

0 

0  ■ 

++ 

,  +■ 

++ 

++ 

HUMIDITY* 

* 

HI  gn 

+ 

+ 

+ 

+ 

NR 

+ 

NR  - 

-NR 

.++ 

0 

NR 

NR 

Low 

0 

0 

.0 

0 

NR 

0 

0 

0 

NR 

NR 

+ 

NR 

NR 

iiiTMn       nriTv  . 

ninu  VtLUV/l  1  T         _  • 

Mirth 
n  1  ^ii 

+ 

u 

++ 

++ 

+ 

0 

++ 

++ 

'  0. 

+ 

+ 

1  0 

Depends  on  pre-"" 

NR 

♦  ^ 

\ 

vai'ling  wind 
direction 
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0  * 

0 

+ 

+  ' 

0 

0 

+ 

+ 

0 

Vo^ 

(H 
* 

MR 

*^ni  AR  RAHTATTON                    • ' 

< 

m 

HiqF 

0 

0  * 

0 

0 

0 

+ 

D 

NR 

% 

+ 

-0 

4-+ 

i. 

NR 

Low 

0 

*0 

'  0 

0 

0 

0 

0 

NR 

.  0 

«  0 

0. 

NR 

LUNVhNllUNAL  HtATINb  rUEL 

£lectricity 

++ 

++ 

++ 

++ 

++ 

++ 

++ 

NR 

NR 

NR 

NR 

+ 

0 

fias 

+ 

+ 

+* 

-  + 

+ 

+ 

;  + 

•  + 

NR 

NR 

0 

Oil          .  * 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

NR 

NR 

+ 

0_ 

ENERGY  COSTS''  .  . 

* 
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++ 
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++ 

*  ++ 

++ 

++ 

++ 

++ 

++ 

++ 

++ 

+ 

+ 

+ 
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+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0 

0 

+ 

*  =  In. very  low  outside  temperature,  inside  humidity  limited  by  condensation  on  walls  and  windows. 


TABLE  9-2-.-  Retrofit  Packages  ^or  Zorre  T  and  Zone  1. 


ZONE  1  -  ^ 

(Less  than.4500  DD). 

BASIC  PACKAGE:    Incfud^s  any  or  ^11 
items  below,  where  applicable-^- 

Install  day/night  clock  thermostat 

Add  ceiling  insulation  to  achieve 
total  of  approximately  R-19 

Tune-up  furnace/a.ir  conditioning 
system  ."^ 

Weatherstrip  exterior*  doors 

Seal  all-openings  and  cracks  in' 
exterior  walls  ^ 

Calibrate  water  heater  temperature  \^ 

Weatherstrip  and  insulate  attic  - 
access  door 

Inspection  of  entire  house  for  • 
addi tional  recommendations 


BETTER  PACKAGE:    Incl udes  .items  under 
Basic  Package  plus  the  following  items, 
where  applicable 

Add  ceiling  ^Insulation  to  achieve  total 
of  approximately  R-22 

.Install  R-11  floor  insulation  over^ 
unconditioned  spaces  ^       * .  " 

T^pe  joints  and  insulate  ducts  iii  \' 
unconditioned  spaces  "  ♦ 

Install  storm  windows,  all  living 
areas  '         .  , 

,  Blow  i7T!s^lation  in  uni/isulated  ex-^  \ 

terlor'wall  cavities  (R-ll)' 
.  •» 

Add  or  increase, natural  attic  ventila-  . 
tion ,  .if  necessary 

Install  filing  fan  for  summer  coiling 


'  ZONE  2 
(4500  -  8000  DD) 

'  basic'  PACKAGE:    Includes  a,ny  or  all 
items  1^1  ow,  where  applicable  — 

Install  day'/night  clock  thermostat 

Add  ceiling  insulation^to  achieve 
totaj  of  appr;oximatel5'*R-22 

-Install  storm  windows ,  all  living 
areas     '     ^  .  . 

Tune-up  furnace/air  conditioning 
system  ^  ; 

Jns;tall  storm  doors  and  v/^tipherstVip 
^xterior^-prioje^^ors  ,  ;  ^ 

Seal  all  openin^i^ and  cracks  in.' 
exterior  walls 

•  Calibrate  water  heater  .temperpiture-. 

Weatherstrip  and  insulate  attic 
access  cllor  t  .  -      *    ^  ^ 


/Inspection  of  entire  hou^e  fpr 
additional  recommendations  * 


BETTER  PACKAGE:    Include?  itenis'under 
Basic  Package  plus  the, following  ftems, 
where  applicable--  .  ^ 

Add  ceiling  insulation  tb  achieve' 
total  of  approximately  151-30- 

^Install  R-11. floor  insulation  over  ^ 
unconditioned  spaces     .    '  ' 

Tape,  joints  and  insulate  ducts  in  ' 
unconditioned^paces  , 

Blow  insulation  in  uninsulated  exterior' 
wall'  cavVties- 

Insta^ll  2  x' 2  Turring  a.nd  R-7  insula- 
tiqn  to/basement'wain  ' 

Irrstall  basem^n^storjri  windows  and 
doors  •  ^  ' 

Add  or  increase  natural  attic  ventila- 
tion       ,    '  :       •  ^      ^  - 


V".       20NE  3     '  , 
\  \  . ^Greater  than  8000  DD)     '  ' 

■  "'BASIC  >ACKAGE;  .Includes  >anvVor  all 
_  •  items  below,  where  appi fcabl e 

rnstaimday/nipht  cl,ock  thermostat 

iAftOeil ingM-ns^lation'  to  achieve. 


9-^7 
•X 


TABLE  9-3.    Retrofit  Packages  ipof^  Zon6'  3 
- 


7. 


'  Install  s 


;iniately  R-30 
idows,  all  living  * 


Tune-Ufi  furliate/air  condi tiof^iftg 
system  '      .     *     .       /  . '  I. 

-  /  -Instal^l^  stdrm  doors  art^  weather- 
stri-p  ext€rior>prinie  d^;s 

Se^al^aTl  openings  :and  cr^ks  in' 
exterior  walls  '  *  '  * 

Calibrate  water  heater^  temperature 

/'Weatherstrip  and  Jnsulfft^'^attfc 
/  '  acces,s  '  door         \         \  ^  . 

Inspefction  of  entire  hoOse  for  • 
*  additional  recbijmiendations  ' 


.  -A ,  .fiETTER  toASE-:  ^Includes  -items  undec 
Basic  .Pa'ekage  .pi us  l:he  following  items, 
.wJiere*  applicable -r;     '  '     .  ^ 

*:Add- eeil ing  insulation  to  achieve      •  - 
,  'total  of  approximately  R-38 

InstalolM?-ll- floor  insulation^'over 
*  >  unconditioned  spaces  '^-^ 

.  ^  '  Tap^e  joi^s  and  insulate  ducts  in  ^ 
*  '  .  uncoridi^roined  spaces  *  % 


CUSTOM  fflTIONSr   The  fql lowing  items 
are  in  addition  to  the  i^^ASIC"  or  . 
"BET"KR"  ^IB^kages.    They 'apply  to  any; 
of  the  three  zones  and*  dei^end^n  owner's' 
preference.- - 

Replace  shower  heads  with  hot  water  - 
saving  type  and  replace  defective  washer^, 
in  al  1  faucets'    -  ...  ^  I 

Build  in '^JBStibule  at  entrances 

■a 

l^place;  electric  resistance  heatjng  ' 
'  wi  th  heat-  pump 

•Replace  furnace  heating  system  with 
prpperly  sized  efficient  un^^^'^  ^. 

, /Repface  air  c^ditioning  v'i^rproperly 
sized,  high  EER  equipment 

Instal  1  awnings  on^East/j^est  wffi^idows 

Install  attic  exhau$t  farr 

Ins-tatl  exhaust' fa^n  in  win'dow,  walj. 
Qr  ceiling  beneath  attic  for  summer 
cool  i-ng  •         ^  '[ 

I^nstall  fan|[s)  hung  from  ceiling  for 
suimier-cooling  .       •  * 

Replace  incandescent  lighting  with- 
fluorescent  ,  A 

Modify  roof  overhang  foe' SUmrifer -shaaf  ng 


insulation  in  uninsulated* exterior 
..wall  cayf^es^ '(.R-ll)    -  '  h 

r/ist.al1  '^xsVframing  (r'  fnom  wall)  and 
R-lMnsirlatjon  to  basement  walls 

I-hstair^basment  %^r\j\  windows  and  doors* 

:VAd^a»^^increase  natul^al  attic  ventila-* 
.  tion  ,  ^  " 


5J 


f 


/••: 


'  BUILDING,  DESmi 


Design  in 'titjs  context 'also 'incTugef  coostSfPuction.    In*nia'ny%  Va. 
cases the  thermal  characteristics  of  the^bui l^ding^are  gr^atly'af- 
fected  by  the  construction.  .  Poorswo/kmanship. for  .install ing  insula- 
.tTon,  fitting  doors  , and' w^indpws  will  not*  provide  the*  expected    R    '  \ 
fSyalues  .and  will  increase"  in,fi1  tration.  losses.   *The  major  factors  \n 
^the'building  design!  are  material  selection    and  building,  orientation. 


4 


For, exa.mple,  glSss  area  is  important  because  of  heat  losses  ai1d*gains 
***  *^«^* 

through,  winctev/s.'   Heat  looses  and  gains  ^hl^ugh  windows  ar^  larger 

f  •  ^  ^  \    'i  \  ' 

than  through'  the  wal^s^    For  this  reason  it  is  very  i^mportant  thar  " 

^  the  Vatio  of  window  arj^a  to  wall  area  as  well  as  window  location  be  j 

■  ..  ;     '     .  • 

examined.  '  Obviously,  in.  considering  a  butTding  design,  it  isjinpor-" 
t^lj^  to  take  into  tonsideration  thQ  externa-1  envirbnnjent.    M^s±  occu- 
^  pants  will  not  waiit<o  1  ive*  i^.ei^otaVly  ^nclosed  telr.  ^fhis  re- 
quire? that  windows  , be  us€d'pr6*perly .for  A[hancing*  views 'and  light  , 
levels,  an'a  for  ^tf'anc'e  re'g.ions,    However,  loog^ynbroTcen  walls  of  • 
§lass  waste,  energy -and  sfhould  be -avoided.    Horizontal  windows  elevated 
to  normalyjiei^hts  should  be^  considered.    Jhey  provide  adequate^l ight, . 
undiminished  views,-and  minimiz'e  glass  a/ea  toVeduce  heat  losses  ^ 
and  gams.       ^     '  .     ^      .  ^  :  i,.^..  ;        \  \ 


-  EXAMPLE  .9-1       ■     .  ,  -ite^    ,  ^1;  = 

J  Table  9^4  lists  the  materials  'in  the; construction  of  a  typical  ' 

'wall.    Wjtli  ah' uninsulated  wali  ,  the  total  resistance  ;is' H,4;;;and  t*h'e" 
U  factor  is  0.22..  -With  R-ll  insulation-, " total  w?ll  resistance  is  ' 
'  14.4^3  and  the  U  factoV  is:o:07.  '  The  R-TVipsiflation. reduces  ^tl^e  fieat 
^  loss  atij]  giffr^through^^the  wall  by  a  faptor  ol" /three* ]':'^^^  ' 


TABLE  9-4.  ■  U  Factors  for  a  Wall 


-  Wail  Construction 

'                   *              *  4, 

Uninsulated 

Wall 
Resistance 

^  ^-^nsulated 
Resistance 

Outside  Surface 

•  0.17 

0.17 

Wood  Bevej  Si,dijj)g;f  lapped 

\  * 

1/Z"  Insulation  Board  Sheathing,  Regular 
Density      '   »  ^ 

A  if 

0.81 
1.32  " 

'    N  0.81 
1.32 

« 

3  1/2"  Air  Space        M.  ' 

1.01  . 

R-ll  Insulation  ^     Z    '  >       .  ~ 

M.OO'^'  ■ 

1/2"  Gypsum  Board  ' 

'0.45 

0.45 

•Ins1\ie-Supfaie  . 

0.68 

0.68"- 

■       ^                 ^  'TOTAL 

4.44 

14.43 

1         1          '                  ,  ■ 

^    U=  J- =14^43  =  0-^7       ,  : 

■  •'.  V                 ■  : 

,     ^    TABLE- ^-5-.-  Window  Heat 

Losses 

■> 

Infiltration  Around  a  Window:  - 

^3'  X  5*  Dpgble-hung,  non-weather-s^t^^ed,  wood  window,  average 
'         install  jition  ^- 

From. Table  2,  Chapter- 19,  ASHRAE  Guide  '     .            '  ■ 

AIR  LEAKAGE  RATE  =  27  ft^/f t-crack-hour  (1/16"  crack. 

3/64"  clearance) 

.  i'.  ^,^,{2  /5'_)  +  C3>x  3')*  19  ft.  r 

if     '      '                                      -      .  ' 

„  -    Q  =  0.01-8  6L  (T.  V  T^)'  ' 

*^    '            i              '  • 

4 

•  ■      =  (0.018)  (27)  (19)  (70-0y=  64"6y  Btu/frf.    .  * 

'    '-TRANSMISSION  LOSSES:  / 

1 

<  •* 

:    .Si  ng-le  Glaze  ,U  =  1.13-Bfu/(hr)  (ft^)  (?F)      'J  ■    ,  k 

■  '  '  'Q^*'  UA  (T.  -  1^)  =  (1.13^  (15)  (7£)rd)  =^^^187  Btu/hr.''  '  ° 


WINPOW  T#At  LOSS  =  1,833  Btu/hr. 

i. 


\       Consider^'a  wall  area  of  374  sq'uare  feet  and  a  temperature 

'  differenti-al  be'tween  the  inside  and  outside  of  70^F.    The  heat  loss 

J'    '  *  * 

*thrx)ugh  the  insulated^wall  is  >833  Btu/hr  and  the  heat  ]osi  for  an  • 

/uninsulated  wctll 'is  .5760  Btu/hr.  ^       *     .  ^         ,  > 

^  „^  •  '  '  ,1 

'EXAMPLE  9,-2  "  , 

Consider  the  Idsj^s  through  a  window.    Tab1e^b:5  pres^entSv. 
inform^tian  fcJr  a  typical  window.    The  U  factof  iF^trLa*  si-ng1e  glazed  * 
window  from  Table  5-4  is  t.-13.    A  16-square-fot}t  window  with  a  70° 
temperature  differential  results  in. 1137  Btu/hr  heat^oss!  'Table 
^also. includes  compptation^  for'infil tration  around  the  window  using 
Xhe/'-CJ^ack"  method.    Th^  infiltration  losses  for^n  average  wi^ndow 
irts'^tallation  is  646  Btu/hr,  for  a  total  window  loss  of  1833 'Btu/hr. 
In  other  words,  15  square  feet  of  window  area  has  the  same  loss^as 


^374  square  feet 'of  insulated^ wal  1  or  120*  square  feet  of  uninsulated  • 
WaTl.    One  ^quare^  foot  of  ^lass  has'the  s&me  heat  loss  as  25  square 
fee^of  insulated  wall  area  in  example  9-1. 


\ 


d  • 

i 


Loss  through  windows  can  be  'reduced,  by  using  double  glass  windows 
From/values  give^i.n  Table<  5-4„  the  transTnissit)n*loss, could  be  reduced 
from  1M3  to  0.65  resulting  in  40-perqent  reduction  ^in  total  Joss-  . 


•  pther  buil  ding|  design^  factors  incl  u3e -the  shadiiigxOf  .windows  in, 
the  summertime  to  pr^v^nt  radiation  .gain.    In  wintertime  operation  the 
heat  ga Inborn  the  sbn  can  be  advantageous.    Both  sunmer  shading  Snd' 
winter**  til  umtnation  can  be  accom^ished  by  using  properly  dimensioned 
"overhcings  or  externa?  shades.    External  s^hading  .js  prefeVable  ta 
internal  s^adirff^cause  it  keeps  energy  out  of  ttie  building^  "^WHiJe 
intlrnal  shading  is  effective,  not  .all  of  the  heat  can  be  conducted' 

is' 
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'and  radiated  out  onc^  it  has  entered^    BuffJJd.\ntryways ,  or  air- 
locks, reduce  infiltration  loose's  whervVa  snial\  buffered  area  is  pr6- 
^•^-i'ded  between  doorways.    As  ndt€.d  from,  the  ^ex'ample  in  Module  5,  infil- 
tration^as  a' ni^:jor  factor  in  heat  loss^es  and'g^ins  for-a  building. 

Proper  sizing^of  the  heati.ng^^nd  cooling  system,  for  the  building 
'is/ important.    The  comf)ustion  efficiency  of  a  gas-fired  furnace  can 
be  reduced^by  15  to  20^percent  below  Us ^ s.teady-state  operating 
'efficiency  if  there  is  frequent  cycling.  ^The  more  oversized  t^e  .  ^ 
'  furnace  *is,  the  more  intermittent  will  be  its  operation  and, the  les^ 
efficieat  will  be  \ts  operation.    A  Sampling  of  on-time  versus  degree- 
day  heating  otj^tained  for  typic^  ;gas'-fired  furnaces  in  the  ^Fort  ColTins 
area  indicates"  that  most  systems  are- oversjzed  by  a  factor  of  at  least 
,  2,    This  has  been  accepted  in  the  past  because- sizing  of^heating  units' 
^  ^  has  been  by  "rule  Of  4humb'*  rathen  than  by  calculatipn  of  h^at  Tosses 
as  outlined  in  Module  5.    The  occ^ipants  have*  been  satisfied  because 
the  cost«for  operating  has-been  very  low. 

BUILDIMG  OPERATION   .'  .'•    .  „         '  »   ■  ' 

The  effect"  of  biwlding  operation  on  energy  conservation  is  more 
difficult  td  predict  beca^ise  it  is  influenced  by  .the  life.styl 
the  Hying  habi  t§' bf  .j:he  occupants.    Energyusage  of  nearly  identical 
buil.dings  can  vary  by  as  much  as  a  factor  of '2 'because  some  people  .  - 
prefer  to  mainta^in  ^room  Ipfemperatures  of  75  to  yc^'F  in  -the  wintertime, 
while  others  prefer  Ipwer  interh^l  .temperatures  of  64  to  .SS^'F. 

^     Studlies  have*  shown  that  ut-ilizintg  .clock  thermostats  or,  manual 
thermostatic  set-back,*  that  is^  turfifng  '"idown"  . the"' thermostat  between 
tt>e  Jqours  of^lO  P.M.  and  7 -A.M.  ^.rw  ill  res  alt  "ill' energy  ^sayings.  Each 
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degree  of  thermostatic  set-bapk  v^m  save  between  T-j^to  24  percent  in^  ' 
.   energy  use  for  heating.'    For  a^7-degree  thermostatic  set-back,  f V^om - 
7^  'to  eS^'F,  or. 68  to  ST'F  during  night-time  hiou«,  savings  of  10  to 

I  .  s 

17  percent  can  be  achieved.  '  '  ^ 

'In  order  to  effect  energy  savings  through  lower  thermostat 
s.ettings  and  set-backs;an  ^effectf ve  jfeducational  campaign  will  have 
to  be  carried  out,  to  convince  the  occupant  thaf^-signiffcant. amounts'^ 
^  of  his  money  can'be  saved.    It  should  be  po'inted  out  to  home-ov/ners 
or  occupants  of*  buildings 'that,  prudent- Dpera^ting  practices  are 'criti- 
cal to  •reduce  overall  energy  usage.         '.^  '  ,  ' 

,  BUIbDING  miNTENAtlCE       '  '   '    '*  v  '     /    .  *         -      .    ^  . 

^      *   The  obvious  maintenaac^  itenv, concerns 'the  heating  and  cooling  . 
equipment  which  needs  t;o  be  kept  to  neav^-peak 'efficiency "  In**addi- 

tion  to  the  heating/cooling  equipment  maintenance, ' the  b-uildfng. 

*  ' '  *  v  ' 

.  structi/re  should  be  maintained^.  .For  example;  through  se-tlling,,*  walls 

/        '  ^     V  ^  ^  \  \      ^  . 

may  move  away,  from  fireplaces,.resulting,  in 'larg^  infiltration  losses. 
Fj replaces  are 'heat  wasters,  but  where  t^hey*are  desired;  combustiljn 
air  should  be  dr^n  in  from  ,th6  oytside.-  .Jhe- building  e;$t?erior 
should  be  painted  at  regular*  intervST^^vto;.fHairt|:'a*in  the  .thermal 
characteristics  of  the-'surfacg  as  we^Jl  as*. to  preserve-the  material. 

COST-I^tRFOR/ilANCE  tRADt-OFFS  " 
In  the  exainples  considered  ip  ^his  ^ettion  of  the  module,  »the 
main  thesis  of  the  propos&d  destgn' analysi*s'for  h^)uses  is 'that  the 
annual  hea^  flow  through  the  ex-terior  surface  of  the  building  is 
directly  proportional  to  the'  anrft/al; number  of  degree*  (fays  of  fieatlng. 
Al  though  ^the  method,  is  not  exacts,  it  is,  based  on  acceptable  | 
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correlations  oyer  long^perio^s  of  operation  using  typical  houses, 
and  it  shouVd,>be  well  wi'thin  reasonable  uncertainty  limits  for  the 
home  designer.'  Moreover,  the  method  should  be  applicable  to  other 
buildings  which  do  not  have  a  high  annual  internal'  heat  generation 
rate- relative  to  the  annual  heat  load.'  ■  ■        '       >  * 

Consider  the  .house  plan  shown  in  Figure  9-1.    The  house  is  •a 
simple  twp-story  hause  and  is.' to  be  located  in*a  region  where  the 
winter,  heat  load  is  60Q0  degree^ days .    In  the  example,  assume  that  the 
house  is  to  be  built  with  nowall^  insulation  and  with  only  R-7  insula- 
tion in  the  ce,i,ling:    The  question  to  be  addressed-is  "should  the" 
ceilj'ng  insulation  be  increased  to  R-30?"    Is  this  design  change'cost- 

effect iva^  -  '  .  ^ 

.    K      .  \  *  • 

•    Table  9-6  presents  heat  loss  sensitivity  results  for  'the  hguje 
considered  above.    Changs  to  the  basic  house-a're  listed^  as  well  'as 
the  resulting  heat  loss".    Tfie  design  .ambient  tempera turelwShS  -10° F 
and. the  indoar  temperature  was  chosen 'as  68°F.    For  the  original 
design,  the  calculated  heat  load  is  88,^6  Btu/hr  for  , the' design  ' 
temperature  condition,  as  shown  on  t*he  fii^st  line  of  Table  9-6. 

If.  the  outdoop  temperature  remains  -lO^F  all  day  (24  hours)  the 
degree  .days  is  '         | "'         •  . 

;   DD  =  ,65°F  -  (-10°F)  =  ■75°F  days.  '  ' 
The  heating 'load  for  thfe  building  is  therefore     -        ^      '  -  • 
•88^  X.24  -  28,430  Btu/DD  '  .     ^  . 

If  the  outdoor,  te^erature  varies",  from  a  maximum  of  30° F  to  a  m'ini- 
num  of  -lO'F,  tha  degref  da^is  determined  \ 


FAMIirROOM  : 
I6X  14 


L  

I 

i 

I  GARAGE 
i  21X14 


CX3 


0^ 


C\J     ^  V 
I 


BREAKfAST^   KMCHEN      ^\\mQ^  ROOM' 

13X11 

id  ^ 


LAUND 


GARAGE 
DOOR  X 


1  r 

-L 


BATH 


LIVING  ROOM 
20  X  <Z 


■30" 


7 


BEDROOM 


i 


|0|  ^ 
0  BATH 


BATH 


D 


BEDROOM 
14  X  U 


^DROOM 


IB 


10)^10 
%(* 


BEDRCfOf^ 
I  15  X  10 


3i 


I  CVJ 


•3D- 


J, 


^  Areas 

4«» 

■    .  5?.  I^t. 

Ceiling  Area  > 

'  ''.162iN0 

Wall  ^ 

.  '  2336.0 

Windows : 

North 

West  '  ' 

,     50.5  , 

"South . 

'•   ,  *  100.0 

Eas,t^ 

..  ■  .  -10.0 

.  ■'  .^1§5.5- 

Door 

98.0/ 

Roof 

1793.0- 

Figure  9-1-  ExampleJHouse 


5-15 

TABLE  9-6  HEAT  LOAD  STIMULATION  RESULTS 


•  WALL  > 
*   ■  INSULATION 

R-0 
R-0 
•  R-O 

R-0  .  \ 

R-0 
f 

R-(5 


R-0 

t 

R-0 

R-0 

.R,-7 
R-7 

R-7 

R-7 
^R.7 


CEILING 
INSULATION 

R-7 


R-7 
R-7 
R-7 

R-7 

f 

R-7. 

R-7 

R-7 

R-7 

Rr7 
R-'7  . 

R-7  ' 
R-11 


DOORS  

Sol idwood 
.1.5  in. 

Sol idwood 
r.5  in.  - 

Sol idwood  • 
2.0  in. 

Storm  metal 
&  1.5  in. 
Sol  idworod 

Sol idwood 
1.5  in.  ' 


Sol idwood 
2.0  in.  ' 


Storm  m^tal 
&  1.5  in.  . 
SoTidwoo(J 

Sol idwood 
1.'5  in. 


Storm  metal 
&-2.0  in. 
Solidv(ood 

Solidwood 
1.5  in.  . 

Sol idwood 
j.5  in. 

Storm  jnetal 
&  1.5  in. 

Sol  idwood^^ 

Sol idwood' 
1.5  in. 

Storm  met al 
&  1.5  in. 

5ol Idwood 


WINDOWS' . 

Single  glass  ! 
100%     glass  - 


S^rigle  glass  ' 
80%      glass  ' 

Single  glass  \ 
80X^  glass 

« 

Single  glass 
80%  glass 


Double  insulating' 
Double  glass  80% 
^  3/16  in.  air  space 

Double  insulating 
Double  glass  80% 
3/16  .in.  air  space 

Double  glass  80% 
; Double  insulating 
3/16.  in.  air  space 


Triple 
Triple 
1/2. in. 

Trfple 
Triple 
1/2  in. 


insulating 
glass  80% 
ai^  space. 

insulation 
gla'ss  80% 
air  space 


Single  glas^s 
100%  glass' 

Double  Insulating  * 
Dpuble  glass  ,80% 
3/16  in.  air  space 

■  Triple  Jnsulating  * 
Triple  glass  80% 
l/2.in.-!air  apace 

Single  glass 
80%  glass 


SiiigTe^.glass' 
80%  glass 


BTilH 

HEAT  LOSS 
88,846 

87,234 

87,073 

86,989 

1 

82,077 
81,91^ 
81,832 

I 

.  77,605 

I 

$6,636 
59,867  . 

55,149  * 


62,500 
62:;255t" 


447- 


I 
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TABLE  9-6'  HEAT  LOA&  SIMPLATION  RESULTS" (continued) 


WALL 

INSULATION 
R-7 


R-7 


^  CEILING 
INSULATION^ 

•R-1.1 


R-7 


R-11  ,  A 


R-11 


R-11 


R-11 

R-11 
R-il 
R-11 

R-11 


R-11 


R-U 


R-U 


R-11 


;R-11 


R-11 


R-11 


R-11 

R-19 
R-19 
R-19 

R-19 


R-19 


DOORS 


Sol  idv^od 
1.5  in.  . 


Storm  metal 
&  .1.5  iX 
Solldwood  • 

Storm  metal 
&  2.0  in. 
Sol idwood 

Sol  iciwooclj 
1.5  in'. 


Storm  Hietal 
&  1.5' in, 
Sol idwood 

Sto,rm  metal- 
&  2.0  in. 
Sol  idvidod 


Storm  metal 
&  2.0  inj. 
Sol idwood 

Sol \dWoOd 
'l.S  in. 

Sol idwood 
1,5  in. " 

'^ol  idwood 
1,5  'in. 


Solidwo9d 
L5  in.*  . 


Storm  metal 
&  1.5  in. 
Sol idwood 


Stomi  metal 
&  2.0  in,  ' 
Solldwood 


WINDOWS 

*»  » 
Double  insulation 
Double  glass  80% 
3/16  in.  air  space 

Doufctle  insulating 
■  Double  glass  80%  • 
3/16  in.  air  space 

Triple  insulating 
.Triple  glass  80%  . 
1A2  in.  air  space  ^ 

Single  g^ass 
Double  glass.  80% 
3/16  ir^.  air  space 

Double  insulating 
Double  glass  80% 
•  3/16  in.  air  5P^ce 

Double  insu^lattng 
Singl?  glass  80% 
Emissivity  =  0.2 
1/2  in.  air  space 

Triple  insulating 
Triple  glairs  §0*% 
^  l/k  in.  aiM  space-- 

"  Single  glass 
100%     glass^  ^ 

Single  glas^ 
^  80%-  .  glassy 

Double  insulating 
Do'uble  glass  80% 
3/16  in.  *air  space 

Doubly  insulating 
Single  glass.  8iJ^ 
Emissfvi-ty  =;0>;2  > 
1/2  in.  air  space 
»  #■ 

Ddyble  insulating 
Single  glass  80% 
Emissivity  80% 
1/2  in*  air  spaice 


;Tfiple  insulating 
/'Triple  glass  80% 
3/16  An,  air  space 


BTUH  , 
HEAT  LOSS 

57,343 

/  -— 


57,102 
52,496 
S8,987 
53,585 
49,525  • 

48,983 

58,233 
./ 

56,62i 
51,464 

47.534 
47,?88 
46,616 
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TA'BLE  9-6  HEAT  LOAD  SIMULATION  RESULTS  (continued) 

-  * 


.    '  WALL 
"X      INSULATION  " 

CEILING  . 
INSULATION  • 

DOORS ■ 

^  WINDOWS 

BTUH    .  , 
HEAT  LOSS 

R-0.  ■ 

■Rrll 

Wooden  Door 
1.5  in. 

Single  glass. 
100%     glass  - 

86,30i 

R-19 

Wpoden'  Door 
l."5  in. 

Si^i^J^e^  glass  ' 
100%     glass  ° 

83,915 

R-7 

— R=0 

•  - 
> 

Wooden  Door 
1.5  in. 

Single  glass 
100%  glass 

•  84,698 

R.-7 

R-ll 

Wooden  Door  * 
1.5,  in. 

Single  glass 
100%  glass 

64,112 

R-7 

R-19 

Wooden  Door 
1.5  in. 

Single  glass 
100%  glass 

.  6r,743 

R-ll 

R-0 

Wooden  Door 
1,5  fn. 

Single  glass 
100%  -glass 

81,165  ^ 

i 

R-11 

R-7 

Wooden  Door 
1.5  ^in; 

Single  glass 
-  100%     glass     '  . 

6iJ20  , 

R-ll 

R-ll 

,  Wooden  JlQor 
^1.5  in. 

Single  glass 
100%  glass 

4 

60,599  • 

R-19 

R-0 

Woo'den  Door ' 
L5  in. 

Single  glass  - 
100^  jglass 

77,748 

=    R-19  . 

t 

R-7 

'Wooden  Door 
1.5  in.  .  ^ 

Single  gl-ass 
100%.  ^  glass 

■  59,720. 

*  • 

R-ll 

Wooden  Door 
'  1.5  tn. 

Single  glass^ 
100%  glass 

57,202 

R-19 

<  - 

Wooden  Door 
1.5  in. 

Single  glass 
100%  glass 

54,838 

R-0  * 

-R-=e 

Wooden  Door 
1.5  in.  - 

'  Single  glass 
-  100%  glass 

107463? 

■r-19 

>40 

Woo  d.^0  rnTDoo  rs 

&  2.0  irf. 

Sol idwood  Doors 

Triple  insulating  , 
1/2  in.  air  space-  ^ 
&  Storm  windows 
60%  glass-wood  sash" 

40,079  - 

- 

Total  Window  Area  -  195.42  Sq,  Ft. 
Total  Door  Area     =        98  Sq.  Ft. 
45^  Pitched  Roof                      .  •  " 
.  No  Basement  - 

\ 

\ 


Er|c  .    '  449  • 


TABLE  9-6    HEAT" LOAD  SIMULATION  RESULTS  (continued) 


WALL  TYPE 
+  INSULATION- 

Frame 
+R-7 


Frame 
.+R-7 


Frame 
+R-7 


Frame 
+R-0 


Frame 
+R-7 


'Brick  and 
Frame  Par- 
tition +R-0 

B^ick  and 
Frame  Par-  ' 
tition  +R-7 

Brick  +  Cindl 
and  FrSne 
Partition  . 
+R-0 


ROOF  TYPE 
+  INSULATIOr 

45-degree 
Pitched  Roof 
+R-0  '  ■  . 

Flat  RoQf 
Wood  Construc- 
tion +R-0 

Flat  Roof  ' 
Metsl  Constt*uc- 
tion  +R-0 

45-degree 
Pitched  Roof  ' 
+R-7 

45-degree  " 
Pitched  Roof 
+R-7 

45-degree 
'Pitched  Roof* 


45-degree 
Pitched  Roof 


45-degree 
Pitched  Rotff 


Brick  +  Cinder  45-degree 
and  Frame         Pitched  Roof  ' 
Partition.  • 
+R-7 


DOORS  y 

Wooden  1/00  r 
1.5  in.  • 


Wooden  Door 
.1.5  in.  . 


Wooden  Door 
1.5  in. 


Wooden  Defer 
1.5  in. 


Wooden  Door 
1.5  in.  * 


Wooden "Door 
1.5  in. 


Wooden  Door 
1.5  in. 


Wooden "Door 
1 . 5  i  n . 


Wooden  Door 
•1>.5  in.' 


WINDOWS 

Single  glass 
100%  glass 


Single  glass 
100%  glass 


Sinale  glass 
lOOf  'glass- 


Single  glass 
100%  glass 


Single  glass 
100%  glass 


Single  glass 
m%  glass 


Single  glass" 
100%  glass 


jingle  glass 
100%  glass 


Single  glass 
100%  glass 


BTUH 

HEAT- LOSS 
84,698 


74,981 


73,361  ■ 


88,846 


66,636 


97,_124  ' 


94,3241 


79,JJ83 


76,501 


Total  Windpw  Area 
Total  Door  Area 
No  Basement 


195.42  Sq. 
98  Sq. 


Ft.- 
Ft! 
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DD  =  65  -  [iO-t-HOlj       or      DO  =  55"F  daysr. 

The  heat  iQdd  for  the  day  would  then  be 
28,430  X '55  =  1,564,000  Btu. 

,The  load  for  the  entire  heating  seasjn ,^i ven  6000  DD,is 

L 


28, 430, X  6000  J?r  =170,600,000 


'DO  year 

Now,  let  us  consider  the  cost  of  energy.    Assume, for  example, 

^  ,  that  the  house  is  to  be  el ectri^cal ly  heated, with  electricity  cost  at 

$0.03  per  kwh.    The  cost- of  electricity  per  million  Btu  is  as  given 

below:  '      .  *  " 

'KTOCOOO  Btu  X  $0.03    _  „^  ^  • 

^    i  ?  ~  1 —  =  '  58.  79  per  fmllion  Btu.  ^ 

*     .  3413  (Btu)(kwh)''       '  . 

-^Tfie  efficiency  of  an  electric  resistance  heater  is  1.0,.and  so" 
the  cost  ^of.  heating  per  del  ivered^  mill  ion  Btu  is  $8.79.    The  load  • 
times  the  gost  per  million  Btu  results  in  a 'heating  cost,  .C,  of 
$1500  per  year.  ... 

C  =  $8.79  x' 175,6  =  $1500/year."     ^  '  - 

^f  the  building  is  modifi"ed  in  design  for  ceiling  insulation  of  R-19 

'  >rather  th^n  R-7,  everything ^else  remaining  the  same,*  the  load- is  , 

83';'915  Btu  as  shown  on  the  third  page  of  Table  9-6.  Making  s^imilar 
caTC^ations;  as  the  foregoing,  the  heat-ing  cost  per  year  would  be- 
'   $1416.-  This  is  a  net^^vings  of  $84  per' year:. 


83,.915.Btil 
75 


.  ♦ 


X  24-=  26,850  Btu/DD 
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-L  =  26,850  ^  X  6000  =  161  ,100,000  Btu/year. 


'    C  =  $8.79/mi111on  Btu  x  161.1  million  $14i6/year 

Savings  =  $1^00  -  $1416  ="$84/year.^  *         ,  , 

The  savings  factor  is  .tJefihed^  as  ^         , » 

«P   _   savings  ,  i. 

^    '    annual  cost  of  energy  ' 

For  this  'example  9^ 


>.  SF    =    ^   =  0.056 

Is  the  -savings  cost  worth  the  increased  cost  in  installing  R'^19^ 

^  f  ■  ;  '  '      '  .  '         ;  . 

insulat.ion  over        ^  To  answer  this  question  we  must  resort  to' some 
edi^cated*  guesses .  ,  '  ,   -  • 

Assume  that  the  mortgage  lifetime  is  ^  years  and  tfte  interest 
rate  is  9%,  and  that  energy  costs  over  those  twenty-five  years  in-  ^ 
crease    at  the  rate  of  6%  a  year.    A  6i^-per-y^ear  increase  indicates 
that  the  energy  co^t  in  the  twenXy-fifth;year  will  be  about  4.3  »times  • 
*the  present^^yal  ue,  or  $37,80  , per  jnillion  Btu.    Althoogh;  this  seems  ; 
large,  current  estimates  tend  to  show  increases  in  fueV  costs^  of  abbUJt 

V         *  ■ 

3  to  5  times  the  current  value.  . 

Figure  9-2.  shows  (yjrves  of  maximum  first-cost  ipvestfltents  th"^  ^ 
can  be  made  for  various  fuel  cost  savings  and  energy  rate  increases  . 
at  different  savvings .factors  and  interest  rates  for  a  mortgage  period 
of  ?5  years .The  curves  are  baseH  on  the  equation,  L 

MFC  ="^.^^3,1^^)  X  PEE  .  ■    ■     -    .  (9-1)'^ 


i 
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fue,l-pq;st  savings 

Figure  9-2.   fuel  'Cost/Savtngs  ♦ 


'■  Iboo 


in  which   a^^^  '  ,    .      .  •  s 

and  ^      MFC    is  max^iipum  first  cost,  •  ^  •  » 

SF    is  savings  in  fueV,  \  .         >  * 

'    '     '  ^ERI    is  energy  rate. increase,  decimaT,        '         -  .  - 

^  i    is"interest  rate,  decimal,  '  .  *  ^ 

^  n    is  number  of  years, 

R.EE    is  present  energy  ,^pense.  ,    '      .  - 

.    FrofTi  Figure  9-2,  with  the'energy  savings  of  ^$84,  and  'fRI.of  g*  06,  ' 
the  maximum  that  should  be- expended  is  '^'SHOO.  In  ot}ier  wofds,  for  * 
this  case,  if  it  costs  less  than  $1400  for  the  materials  and  the'.  ' 
'installation,  then  using  R-19  over  ^-1  insulation  is  cost  beneficial 
and  sho^uld  be  incorporated.    A  change  in  conditions  can^  alter/resul ts; 
^fir  example,  a  change  in 'the  Nestirpated  inflati6nary 'rate  of  energy 
/froiiLi^  percent  to  2  percent    results  in  a  maximum  cost- reductions  from 
$]4tI0v  to  $908.  /  A  2-'per^enttinflationary  increase  over  the  next  twenty-five 
years  yields  a  60-p&rGent  increas.e  in  the  cost  of  energy  ov^*current' 
cos-ts,  a  number  certainl^'lower  than  most  exp^ert's  have  prpjected. 

The  eXVate  (a  fpuV  or  fiv^old  increase  in  the  cost  tff  energy 

■  #  '  ■  •  ^ 

,a«*r-^the  next  twenty-five  years)  sefems  to  be  in  reasonable  agreement 

f 

With  the.  proje^^jp^ns  of  many  experts. 

'  "        *     ^  ^     \    '         •     •        '  •  •  . .  * 

Similarly,,  we*can  .analyze. the  effects -of  «other  changes  once  we 

have  the  capability  tp,  calculate  heat  load  infomtation. ,  Consider  a  - 

20-percent'  reductipn^of  window'a^ea  from  .that  shown  in  the  p-larts. 

From  tarble  9-6,. the  he'atloss  rate  ts  about^l500  Btu/hr  less. 

.Anbth/e):  cha^nge  whicfi*  could  be  considered  is  a'dding  wa^.l.  insulation. 

The  ^i^aclusion  of-R-9;wall  insi^tion  with  increased  exiling  irHfula- 

.ti'dn.  could  be  evaluerted,'        of  .these  energy-savf ng  comparisons  can 

be  made  by^ollowtng  tj:re  procedure \g3ven  in  the  foregoing  example. 


^,  -  .  '   These  calculations  are  predicated  on  the  ability  to  make  heat  / 
load  calculatiuDns  foll/Dwing  procedures 'as  outlined  in -Module  5.  A 
.  '€ompu«terized  technique,  is  convenient  to  determine' ,frji\sensitivity  of 
.   the  he^t'loss  to  design  changes.    Once  the  effect  has  been  assessed 
V    i^  .terms  of,  heat  losses,"  it  is  a  relatively  simple  matter  *tO' make 
cost  analyses;        ,  .      *  *  -  ^   '  '  .  '  . 

It  is  interesting  to-note  from  Table  9^'that  with.  R-19  wal'l 
%  '  '       »     *   -  '       \^  '  .... 

insulation,  R-4;(^ceiling  insul"a^i6n,'.,^tofm  door5^,\  and  double  gla<6s.    *  . 

.  '    .        *  '  ^  '  ' 

windows  with  storm  windows,;f<in  extr€me^y^ well-designed  building  . 

^    thermally),  th^  heat  load:  can       redijcpd  by  over ^50 -percent.    This  v/oulrf 

indicate' thXt  savings. of  55.oi^,6t)  ,pfercent.of  the  original  energy  bill  -are 

ossible  by  t>etter\buflding  des^ign's.  ^For  d^sign'of  a  solar'heated 

and  cooled  ^building  it;is  necessary  *to  a'chieve  1^'b?st  over-alV 

building  design  consistent  with  cost  to  minimize  the  size'frf  the  ' 

'  '  '  . 

solar  system,  "'combination  of  energy-canserving  measures  should  be:  -  ^ 
considered  early,  in-the  design  of  a'  new  building"     "  .  _  ^ 

#■  .    •  :  .  •      -  ^-       ..^  . 
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TRAINEE-ORIENTED  OBJECTIVE 


INTRODUCTION 


•To  prS^tice  the  calculations^or  prejdtcting  performance  of -a 
solar  system., 

.  ■    *    .         '  ■■  •  ■ 

SUB-OBJECTIVES  •    ^'         .  ' 


1:     to  learn  to  use  t^e  f-charts  for  design  purposes. 
2.    ,  To  examine  the  relationship -between  econoirffcs  and  energy- 
qonservation  measures.  '  • 

\  '  * 

\ 

PROBLEMS    .  '  ^ 


1.     Consider  the  same  house>4:hat  was  used  in  the  prwioiis  design 


labo) 
tyi^) 


tetory.    Determine  the  size^for  ci  solar  system  (liquid 

jO  provide  space  heating  and  service  hot  water  loads.  The 


collector  tq  boused  h3s  the  foil  owing 'properties: 
.   .•"  .F'^  Ta   ■=  0.724 

F'^U^^    ='  0.947  Btu/Hr-Ft'^  °F 


worksheets  provided  in  the  notes.    The  collector  tilt  is 


eK^cise 


17,^00 
it 

of  $301 


larttitude  +  15  .  'Compare  the  results  obtained  in  tfft's  design 


with  those  obtained  In  the  |3reviojjs  design. session, 


Now  ^u|)p6^  that  .the  heat  load  of  the'house  is  decreased  from 
Bfiu/DD  to  1&,000  Btu/DI>  by  a'dding  insuTatiari""at'a  cost 


Re"peat  ppoblera  1. 


460 


CLIMATOLOGICAL  DATA  (DENVER) 


(^ ) 

(3) 

A/-  \ 

(5) 

(6) 

-  (7) 

{&). 

(9) 

(10) 

<( 

MONTH 

H  . 
Btu/FT2-DAY 

1 

K  - 
V  ♦ 

Btu/-FT2-bAV 

dd: 

Ta.,  ■ 
■   °p  :  - 

 i  

'7% 

:.'h:  ' 

Btuxl6"« 

s    -  . 

Btu/FT^-Mdr. 

JAIi  ^ 

.56 

• 

1132 

'28 

174 

FEB 

989 

.55 

938  . 

32 

•170 

- 

MAR 

1480 

'  .62 

887 

36 

-  .166 

• 

 *  

APRIL  ■ 

1697 

■  .56 

'  558 

46 

156 

.- 

* 

MAY 

1697 

.49 

288 

56 

1 46 

JU'lE  . 

1937 

.53 

66 

^  63 

■  139 

 V  

JULY 

19-19  ■  ' 

-  '  .54. 

6 

65 

137 

AUG  . 

162*  • 

^51 

9' 

•.  65 

.  137 

• 

1520 

V58 

-117 

61 

141 

OuT 

i 

.m  1144  1 

...58 

428 

51 

.     151-  • 

NOV: 

81 9* " 

■  .57 

> 

•819' 

38 

'  "  164 

DEC' 

1 

672 

.56 

•1035 

32  . 

170 

1 

/ 

1 

F,3-l  .  3-12 

H/H 0  -  Ho 
T;3-2 

F3-35 

=  HR 

J4-1  . 

T.  =  65-DD 

202  -  (7) 

[ 

(6) 

L  = 

(9)  =  SHW 

(5)  X  n 

J 


'.p-=  number  of  days  tn  given  month  .  -     ■  ^ 

SHy/  =  load  (gallons/day)  x  (8.33  lb/gal)  x'(T_Btu/1b  -  *F)  x  (AT  *F)  x  (n  days) 

4&Jl  -  •.  .  ' 


•■  4-62"  ■ 


ERIC 


CLIMATOLQpICAL  DATA 


> 

/  '  MONTH 

H 

Btu/FT2-DAY 

K 

'  T  . 

.  R 

•  "t  ■ 

Btif/FTZ^DAY 

.  DD 

■  \ 

■  '«F  • 

• 

'''ref"'''a 

  a  ■ 

H 

BtUxlO"^' 
•  w 

L 

BtuxlO"^ 

> 

s 

Btu/FT2-M0.' 

.  jAfr 

- 

*       •  * 

*• 

* 

-<* 

FEB 

1 

• 

b 

MM 

T_  * 

APR  If 

1 

✓  ._ 

MAY 

* 

$ 

 ■     .-  . 

/ 

JUNE 

1 

1 

JULY 

>  ^ 

— — 7 

.  / 

* 

AUG  * 

o  * 

/ 

* 

SEPT 

 ,  -t/ 

/ 

~:  1  

t 

4 

m 

*< 

OCT 

• 

/ 

•  V 

NOV  ' 

N 



t 

♦ 

 ^ — »  

> 

»   

4  ^  J!  

» 

m 

i 

s 

/ 

* 

—  p. 


465 


r-  ERIC 


466 


I 


^1 


CLIMA-TOLOGICAL  DATA 


♦ 

MONTH 

V  * 

•H 

Btu/.FT2-0AY 

• 

K 

R 

T 

-Btu/fT2-DAY 

*  • 

DD  . 
 ■  #• 

6  ' 

A  ^ 

^REF"^A 

^   Lm  ■• 

Btu){10"^ 

K  • 

BtuxlO"^  • 

.  _  s 

Btu/FT2.-M0r 

am 

m  • 

 j-;- 

• 

'FEB. 

V 

i 

•MAR 

• 

—  

— ;  

APRIL 

t  * 

t.  * 

MAY  3 

c            *    *  * 

_       ,  *■ 

» 

■  ~^ — T 

JULY 

J 

.  AUG»"    ■  . 

• 

•  SEPf-- 

o 

♦ 

/ 

(■- 

OCT  * 

t 

* 

NOV  "J 

■  DEC 

/ 

4^ 

■H  * 

»—  

/ 

'— ^  »  ' 

•      •  ♦ 

o 
I 

CJ1 


'.:467. 


468 


•:ERic 


FRACTION  OF  LOAD  SUPPLIED  BY  SOLAR 


FpU|_  At/L* 

^^ref'^'a^ 

TT"2x10"3 

Ff^^TO  S/L 
FT'2x1D"'»- 

'   -X  &  Y  VALUES 

.   f  -  FRACTION.  OF  LOAD  ' 
SUPPLIED. BY  SOLAR 

.AREA  = 

»areA  = 

AREA  = 

AREA 

AREA-    .  • 

■AREA  ■ 

X 

Y 

X 

Y 

X  - 

.  Y. 



r 

f 

V 

• 

- 

♦ 

- 

- 

L 

0 

t 

-is 

> 

:     '  ^, 

'4  _ 

^ 

* 

^-7  

-2  ^  

 '  ' 

 ^ 

J** 

"T-r--  

k 

• 

o 
I 


ERIC 


4> 


^69, 


w 


0  FRACTION  OF  .LOAD  SUPPLI-ED  BY  SOLAR- 


^p-.^  S/L 
.fT-2xlO"'^ 

'  . '         ^     '  y,'&  Y. values'              .  •  f  , 

r-/FRACTION  OF  LOAD 
.    SUPPLIED  BY  S0LAR 

area.=  ! 

area  =  . 

^area'= 

/REA  / 

are'a  ■  • 

. AREA  • 

.  X 

r  -  Y'  - 

X 

Y  -.  ■ 

X  '.  • 

•  Y 

'• 

r 

V 

~  » 

*- 

•  1 

• 

— » 

1 

«  r 

• 

) 

t 

 T- 

'     '  f 

V 

4        ,   '  ' 

-r  

. —  

\ 

t 

„  • 

>• 

 ». :  ■  ^ 

\ 

-. 

■ 

«  ♦ 

r- 

1 

:\  ^  

— 

C 

* 

— ji  « 

/' 

i      •  ' 

'  ^\  - 

  4 

47i 


A 


er|c 


o 

I 


«2 


fl  OF  l<m  SUPPLIED  BY  -SOlAR^      '  / 

F  U  At/LV 

FT'.^xld'\ 

,Y  VALUES  "" 

f  -.FRA'CTIO:i-0^  LOAD 
SUPPLI.ED  BY  SOLAR  ' 

AF 

EA  =        ■    ■  ■, 

AREfr  =' 

AREA 

AREA 

.  AREA 

■  Y 

1  ^ 
X    .    1        Y  • 

(    .:-  ■ 

• 

.f 

*  » 

* 

 7^ 

/ 

• 

r 

/ 

* 

i 

<  * 

!_ 

— ~ — 

• 

/ — "  ■■  / 

♦ 

"  •  '    •  . 

f . 

I-  \ 

 — — ■ — r  ■■  ■  '  - 

*■  4 

*  « 

#       -  . 

.   ^     ^  1 

 1^  _ 

~;  — j~r' 

1  t 

/      '  > 

— '  J  *^  ^. 

— ^^"^ 

"  '  1  * 

 * — 7-  r 

*  -  . 

% 

>- 

o 
I 

V  00 


•  •  '  ./. 

er|c 


473 


■J 


.  TRAINING  COURSE.  IN  • 
•  THE  PRACTICAL  ASPECTS  OF  . 
DESIGN' OF  SOLAR  HmiU  AND  COOKING, SYSTEMS 

'for  •      ■  * 

.  residential- building^ 


mDULE'  11' 
COLLECTORS 


V 


ERIC 


SOLAR'eNERGY  applications  LABORATORY 
/     COLORADO  STAT^  UNIVERSITY  '  " 
^  FORT  COLLINS,  COLORADO   ,  ■ 


0 


'1 


•     .  '  TABLE  OF  .CONTENTS 

•mST  OF  FIGURES  .      .       .  •    ,       .  '    .  . 
■  LIST  OF  TABLES  .       .       .   , '  .  .     '.  '  ~. 

INTRODUCTION  /  .  ".  . 

'  .  TRAINEt^RIEf^TED  OBJECTIVE 
•    _SUB-OBJ*ECTIVES  ... 
•    TY,P'ES  OF  COLLECTORS  . 

Typical-  Liquid  Collector 
Typical  Air  Collector 
GENERAL  PRINCIPLES    .      .  T 
HEAT  LOSSES  FROM  COCLECTOR 
SOLAR  ENERGY  ABSORI^TTON/  :  ■ 
.  •■  SELECTIVE  SURFACES  . 
COLLECTOR  PERFORMANCE'      ..  : 

,      CDNVENpT  PE^ORfWJCE  EQUATION 
\  /  .>IEAT  RtCOy^fcACTo/'  '  ./  \ 

■   COLLECTOR.  TEMp'b^MCiFtE  PATTERNS 

COLLECTOR  EFFICIEMCY    ' ,  ' .       '.  '  . 

Typical  Callector  Characteristics    .       .   "  ^ 
Comparison  of  Liquid  and  Air  Collector  Performance 
COMPARISON  OF  LIQUID  AND  AIR  HEATING  SOLAR  COLLECTORS    .     '  , 
£OLLECT0.R  ARRAYS  '   .       .'  " .   ,       .  ■ 

^references',     '   ' '  . 


>  5 


il-ii ■ 
11-ii 

'11-1 
11-1 

11-i 

11-1  • 

•  11-2 
11-2 
11-4  . 
11-5 
11-8 
•    11-11  • 
11-- 12 
•11-12 

♦ 

11-13  , 
11-14  .. 

I-  1-16 

II-  17 
11-19 

0  ^ 

n-22-.- 

11-26  "■ 
lf-21^' 


ERIC 


476 


\ 


ure 


nr\ 

J 1-2  ' 
11-3 
11-4  ■ 

11-5 
.-11-6. 

11-7  . 
'11-8 

,  II79 


Table 
11-]  • 
11-2  • 


11-ii  •  - 

-    List  of  figures 

Typical  liquid-Heating  Collector 
Typical  Air-Heating  Coll^§j2i)r-  .  • 
\    Definition  Sketch  for  Equation  (11-1)     .       .  \  . 

.Comparison  of  Typical  ^Temperatures 'in  Liquid  and  Air 

\  "      '  t  \ 

Heating  Solar  Collectors  .  .  -     .  \;  . 

\     •    .         •  '    ■  ■  .      "  -\  * 

Soi^r  Cc3^1ector  Efficiency  '  .  .  ^  .  /.  \.' 
Compa^rison  of  Liquid  ar^^  Air  Collectors  .Based  on 

.   Measured  Performance  '  •       :      .    '  \ 

\ 

Resufts  of  Performance  Calculations        *       .  , 

•  \  -  •  ■  ■  '         •  •  ,  .■ 

Definition^ Sketch  foi^  Fluid  Flow  DVstrrbytion,  A  /    .  . 
.  Solar  Collector  Array      :  .  * 

•  Typical  Arrani^ement  of  Jnt^rnally  Manifplded  Colle^or 

Modules  in  an  \rray     *     .  .    .  \  >      .  *  . 


Page 


11-3 
11-3 
11-6 

11-15 
-11-18 

11-21 
' 11-23 

11-27 

.11-27 


■.Is 


LIST  OF  TABLES 


Solar  COtFfBct'or  Perf9rmance  Parametefrs 


ll-2ff 


'Companson  of  Typical  SoUr  Heating  Systems  Employing 
* -Liquid  aiTa  Air  Collectors  .  ^       .  '  .      .  11-23' 


ERIC 


. .  477 ,"' 


iNTRODUcflbw  .  ^ 


TRAINEE-ORIENTED  OBJECTIVE  -    "  .  '  .  .  " 

The-ob'jectiVe 'In  this  module  is -to  describe  the  elements  of 
fluid-heating.-solar  coyectofs  and  identify  important  parameters  which  ' 
affect  system  designs  and  performance".    *  •  .7 

SUB-OBJE£TIVES..  ^  ^  ^    *    ^  \  ^ 

From  this  module  the  trainee  should  be  able  to:  . 
r.  '   Define  collector^^fficieniy  •  'J 

2.  Identify,  tfie  parameters  which  affect  collector 
efficiency 

3.  Recognize  the  advantages  and  disadvantages  of  air-heating  and  _ 
"^r       1  iquidrheating^collectBrs  .  , 

4.  '    Identify- and  select  the  solar  collectors  best  suited  to  meet 

'specific  requireinents.        "   ^  - 

TYPES  OF  COLLECTORS 


CoUectors  are -divided  into  two  classes,  liquidrheating  ^nd  air- 
*heating  solar  collectors.    Both  types  consist  of'.ari  absorber  plate  with  - 

black  surface  coating  contained  in  a  metal  fram^  box  with  one  or. more 
*  transparent  covers  above  the  absorber  plate.    The  covers  are  transparent 
to  incoming  solar  radiation  and  relatively  opaque  to  outgoing  (fong-wave)  * 
radiatibn, but' their  principal  purpose  is^to  reduce  heat  losses  by  convection 
Insulation  is  used  to  "reduce  conduct-ion  heat  losses  through  the  back,  ott'h?' 
collector,  or  a  vacuum  jacket. may  be  employed  to  reduce  botli  condQt'tllsn^"^ 
and  convection  heat  flosses  from  the  absorber  surface.    Although  nearly„ 
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all*  practical  systems  fpr's6]ar  space  heating  afid^ot  water  heating 
involve  the  use  of  flat-plate  absorbers,  futJular  absorbers . inside 
evacuated  g\iss  tubes  or  ert.the^focys  of  some^^e  of  concentrating^ 
device  (lens  or  mirror)  have  been  built  anci.  tested.    '     '  ^       *  *      -  ' 

^-  '    ■■•  '  -     '.  ■  ^      '  m^'      '        '  • 

Typical  Liquid  Collector       "  *  \j"     ;  /        '  . 

Figur?  11-1  is  d/  partially  sectioned  dia^fam  of  a  typical  flat-plate 
liquid  solar  collector*   Mhe  drawing  shows  a  commercial ly  manufect^red 
collector  comprising  a*  glass^covered  metal  ,bo>{  containing"  ar\  absorber  olate 
to  which, an  array  of  tiriies  is  attached,  ^beneath  whixh  insulation-  is  ^provided 
A, liquid  is  pujnped ^througT)  the  collector  tubes  and  manifolds  for  heating. 
Typical  collector  dimensfons  are  6.5  ft  by  3  fi  by  6  inches  !!w The  space 
between'  glass  covers*  is 'about  one-half  inch  and*  the  inner  glass  cave^  is 
about  one  fnch  above  t+ie  absorber  pUte.    Two  to  four  inches  of^insulation 
such' as;heat-resistant  fibrous  glass  are  commonly  used  below  the^absorber . 
•plate.    Metal  is  probably  the  best  materia'^l  for  absorber  plates,  and 
'good  thermal  contact  is  requi red  betv/een,  thd^^^bspr.ber  pl'a^e  and  theX  --^^^ 


tube  through^  which  the  liquid  is  transported.  |  Vol^flmetric  flow  rate,  is 
typically  0.02  gal/min.  ft   of  collectsjh  surface  ^rea.^^ 


^Typixal  Air  Collector  • 

Figure  11-2  is  a  diagrammatic  sketcjh  of  a  typical  air-hea,ting  solar/ 
collector.  TUe  principal^.dlfferenc6- between  the  "air  and  liquid  types  oi 
^collectors  is  th§  size  and  configuration  of*the  fluid  conduits.  The 
figure  shows  three  wide  air  passages  directly  beneath  the  absorber  pTgte.,  ' 
-Air,  therefore, flowk  in  contact  with  nearly  the  entire  absorber  s-urf^Qe,  for 
ef/ectlye  heat  transfer.  ^^'^The. design 'showi^' also  has  in'tecH^il  manifqlds  for^" 


aiV  distribution  to  all  collector  panelip  in' a  close-^fitting.  array . '  VolumetrN 

f^col lector  surfa 


flow  rate' is  typfically  2  cfm/ft'^  of  •collector  surface  area.  1 
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I. 


GENERAL  PRINCIPLES 

« 


A  solar  collector. is  a  device  for  converting  the  energy  in  solar  * 
radiation  to  heat  in  a  flui?i.    This  co'hversion  is  accomplished  l>y  absorbing 
the  solar Vadiation  on  a  broad,  thin  metal  surface  which  is  in  contact  with 
a  stream  of  liquid  or  gas^.    Absorption  of  solar  energy  causes  the  temperature"^ 
of  the  metal  surface 'to  rise  so  t\^t  the 'temperature 'of- the  fl  uid' increases 
as  it  moves  past  the  surface.  ,  •  •  ^ 

Under  steady  conditions,  the  useful  heat  del ivered  by  the^ solar' col  lector 
is  equal  to  the  energy  absorbed  in  the  metal  surface  minus  the  heat. losses 
from  that  surf|jpe  directly  and  indirectly  to  the  surroundings.  ^This' 
principle  can  be  stated  in  the  relatio«nship: 


Th;  ta  -  u,^_g.J_l  1X11=1)- 


Where' 


Q      ts  useful  energy  delivered  by  collector?  8tu/hour 

2  *       •  " 

A      is  total  collector  area,  ft  *  ■ 

.  c  ^       ,  ,        ^    .  . 

H-j.     is  the  sojar  energy  received  on  the^  upper  surface  of  the 

•  •  2 

)  sloping  collector  structure,  Btu/hr-ft   of  tilted  surface. 
T       is  fraction  of  the  incoming  solar  radiat'ion  which  reaches  the 

absorbing  surface, 'no  dimensions  / 
ia      *is  fraction  of  the  solar  energy  reaching  the  surfcfte  which  is 
absorbed,  absorptivity,  no  dimensions 

U,      is  the  overall  heat  loss  .coefficient,  Btu,  transferred  to  the 

'  ,  ■         2        —  '  ■■■ 

surroundings  per  hour/ft    of  exposed  collector  surface  per  degree 

dif/ersfince^ between  average  *fcol lector  surface  temperature  and 

the. surrounding  air  temperature  ^ 
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T_     is  average  temperature  of  th/ upper  surface  of  the  absoi'ber' 
'    '  plate;'°F 

T     .  is  atmospheric  temperature,  °F. 

A'dia.granmafc^c  repfe§entS]^on  of  ^he  terms  in  this  relationship  ,is' shown 

in  Figure  11-3.  , 

'  V 

.     -  -  '  /         .    •     .  ' 

^  HEAT  LOSSES  FROM  COLLECTOR  ,    /    ..      "       '        /        '        7-,^  • 


In  order  that  the  performance  of  the  collector  can  ^be  as.  high  as 
^econoraicalli^  practical,  the  design  and  operating  factors  which  can  maximize  . 
the  vc^lue  of  the  first  term  on  the  right  hand  side  of  Equation  (11-1) 
.and'can  minimize  the  value  of  the  second  term  are ,j5elected.    In'other  words, ^• 
e  greater  theyenergy  absorption  in  the,  metal  surface  and  the  lower  .the  heat 


lo^.^from  that  surface,  the  higher  will  be  the  useful  recovery..  If  a  bare 


 me^^^^-pl-^tte--^  values  of  2  to 

10- Btu/hr.ft  •  F  for  the  coefficient  of  heat  transfer  to  the  atmoSphere 
(U^^)>'tH^^ rates  of, heat  loss  will  be  large, so  th^t  an  absorber  plate 
*    temperatyy^'^i^  of  25  to  50  degrees  above  atmospheric;  terrfperature  would  be 
.    ]:he;maximu^n  achievable  under  typical  full  solar  irradiation  of  300  Btu/hr-ft  . 
Under  these  Conditions  no  useful  heat  would  be  delivered  from  the  collector 
because  the  he'atjoss  would  be  equal,  to  the  solar  heat  absorbed-^  leaving 
nothing  fx)r  lisefljl  delivery, 

To  reduce  the  fa.te  of  heat  loss  occurring  by  radi^ition  and  convention 
one^  or  more . transp&rent  surfaces,  such  as  glass,  can  be  placed  above  the  metal 

•  '       .    ,  *•'*'. 

surface.,  '  The  .glass'wi  11  |ransnn  t  as  much  -as  90  percent  of  the  soJar  - 

radiatipn  striking,  it,  and'itew'ill  greatly  reduce  the  heat  loss  .coefficieiit, 

•     U.  /    This  reduction  is  due  td.  the  suppression  of  convectio;i  IdSses'by  the 

'•    *      '  '  '     ■  '  ■ 

relatively  St^gnanPair  layer. between  the  absorber  plate  a»d  the  glass,  and 

by 'intercepting  th^^  long-wave ,  itheriml '  radiation  emi-tted  5y  the  hot  metal  ^' 


-  /  •  ■  . 

/'  .  •      ,  ■ 

surface  because  glass  is  opaque  to  the  long-wave  radiation.    The  heat 

N  _  '4 

loss  coefficient  .can  be^reduced  to  1  to  2  Btu/hr.-ft  -^F   by  the  use 

Of  one  glass  cover.    Similar  benefits  can  be  realized  by  use  of  certain' 

transparent  plastic  materials/  ?  '  * 

.  Furthpr  reduction  in  th^  heat-loss  coefficient' can  be  realized  by 
using  a  second  transparent/surface  with  an  air  space  between  the  two  * 
surfaces.    Two  relatively  stafjgnant  air  barriers  to  coavection  loss  are 
then  present,  as  well  as  two  surfaces  impeding  radiation  1qss  .  Coefficients 
in  the  range  of  0.7  .^u/hr.ft^-°F  are  typically  then  obtained.  ^ 

Radiation  losses  can  be  reduced  by  other  techniques;  such  as-^y 
reducing  the  radiation-emitting  characteristics  of 'the  heat-absorbing 
surface.    This  ifieasure'  is  discussed,  in  the  section  pertaining  to  the 
solar  radiati((n  absorbing -characteristics  of  the  sur^ce.  Thermal 
radiation  e;nitted  by  the  afesorber  plate  may^  a.lso  be  retiuced  by  reflecting 
it  downwar^d  from  the  lov^er  glass  cov'er^by  employing  an  inf r*ared-ref1ecting 
coati^g^n  the  glass.    An  optically  transparent,  very  thin  layer  of  tin 
orxide/or  indium  oxide  deposited'on  the  glass  will  re*duee  radiation  loss 
by  ^fleeting  it  back  to  the  absorber  plate.    This  coating  absorbs  ^ 
snwfll  fraction  of  the^solar  radiation,  however,  so,  the  reduced' thermal 
)ss  IS  largely  offset  by  reduced  solar  energy  inputs  to  the  absorber  ^ 
:plate.'         '  _      .        '  ' 

Significant  losses  can  occur  from  the  side  and  ba'ck  of  the^  collector  ! 
unless  insulation' is  used.    It  iS  advisable  to-use  a  hitjh-teiliperature 
insiUlation.  adjacent  to  the  .back  side  of  the  absorber  plate  layered  with  a  ' 
lowef,  temperature  ijisulation  lo  provide  the  required  resistance  to  heat 
flow.    The  total*  R  value  of  the  insulation  should  be  at  least  10  for  medium- 


A,  transparent  honeycomb  of  thin  plastic  film  can  also  suppress 

radiation  loSs  if  interposed  between  the  absorber  , plate  and  the  lower 

glass 'cover.    Convection  los^  suppression  also  can  be  achieved,* leading 

.      ,     j       .  *  '  . 

to  improvement  of  overall  efficiency.    Low-«to  moderate-priced  plastic 

/  .  ♦  ^ 

film  does  not  app.ear  to  have  sufficient  resistance  to  damage  by  high  ^ 

collector  plate  temperatures,  however,  so  thi.s  technique  has  not  been  • 

commercially  utilized. 

The  foregding  discussion  has  been .concerned  with  methods  for    *  , 

\         j  * 

reducing  U.  ,  the  hbat  I0S5  coefficient,  to  the  lowest. practic^J  level.  , 
By  so  doingi  the  total  heat  loss  is^minimized^  and  collector  efficiency  is  * 
increased.    It  is  evident  from  Equation  (11-1)  that  losses  also  decrease 
as  the  difference  between  plate  teipperature  and  air  temperature  decreases/^ 
The  ambient  loutside)  air  temperature  is 'an  uncontrollable  factor,  of  course 
but  the  fact  .that  it  varies  with'time  and  with  geographic  location  means 
that  collector  efficiency  will  also  be  dependent  upon  these  factors.  It 
is  clear,  also,  that  a  collector  will  be  more  efficient  at  lower  pla'te 
temperatures  than  at  high  temperatures.    But  plate  temperature *is  dependent  ' 
largely  on  the  way  the-  collector  is  opeYated,  that  is,  by  the  temperature 
of  the  fl^uid  being  circulated  in  contact  wfth  the  plate,  the  rate' of  fJuid 
circulation,  and  the  type  of-  fluid,  '  Fluid  temperature  depends  on  conditions 
elsewhere  in  the. system,  whereas  the  other  factors  depend  on  the  collector 
•design  and  the  operating  conditions.  *  •  *       .  . 


'solar  energy  absorption       -  '  .  *    •     '    '  •  ; 

In  Equation  (11-1),.  the  first  term  is  the  solar  energy  absorbed  in 
the  absorbing  surface-, 'which  depends  upon  the  sola.r  energy  incident  on  the 
til  ted  surface  of  the  collector  and  is  affected  by  collector  orientation,  * 
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as  outlined  in  Module  4.    This  climatic  variable  can  be  measured  or. 
derived  Jrom  tables  of  averages,  and  if  not  already  converted,  can  t^e 
calculated  for  the  proper  collector  position.     .  v 

The  transmissivi ty  of  the  glass,"  i,  is  a- function' of  the  quality  of 
the  glass  anci  the^ang\e  at  which  the  solar  radiat^ion  reaches  the- glass. 
.At  normal  incidence  (solai<^beam  perpendicular  to  the  glass*surface),-> 
*  one  sheet  of  ordinary  window  glass  reflects  about  8  perdfnt  of  the  solar/ 
radiation.,.  Two  sheets  of  glass  with  air  space  between  reflect,  about  15  ' 
percent.    Impurities  in  the  glass,  principally  Iron,  result  in  some  radiation 
absorption;  typical  glasses  1/8  rnch^.in  thickness  absorr^ne  tp  five  percent 
per  sheet,    ^ass  with  reasonably  low  iron  content  may  absorb  about  ' 
2  percent  per  sheet,  so  at  normal  incidence,  the^  total  transmission  of 
2  sheets  of  glass  can      approximately  80  percent.    The  value  of  t  is, 
"therefore,  0.8.  •  '  '  '  • 

Because  the  beam  radiation  from  the  sun"  strikes  the  collector  at  an 
angle  which  varies  throughout  ttietiay,  as  w^Tl,as  seasonally,  a  weighted 
mean  transmissivity -is  somewhat. lower  than  this  normal -incidence  val ue. 
Precise  calculations  can  be  made,  t>ut' a  satisfactory  approximation,  for  a 
single-glazed  collector  can  he  "based  on  a  10-percent  a  vera^jref  lection 
loss' and  a  §uitable  absorption' Idss  dependent  on  glass  qu'ality.  Assuming 
^-percent  absorption^^  an  average  transmissivity,  t,  could*  be  about- 0.88. 
In  a  dpuble-glaze'd  c6flector,  an  effective  transmission  coefficient  of 
0.78  couVd  be  used  "with  good  quality  gl^ss.  ,  ' 

If  "plastics  are' used  for  the  transparent  surfaces,  trarrsmffssoon 
coefficients,  could  be'^  appreciably  different, 'depending  upon  the  character- 
istics  of  the  plastics.    Some  hav§  transmissi viti^s  moderately  higher  than* 
glass,,  whereas  other:5  show  lower  val-ues.-       ^      '  . 
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Methods  for  reducing  the  reflectivity., of  glass  surfaces  i^ve  been 
developed.  ^  Metal  1  ic  filjD^  formed  by  vapor  deposition  are  convnon rv  used  . 
as  leas  coatin'gs  in  photographic  equipment.    These  interference. layer 
are  too  costly  for  use  \n  solar  cdllectoVs.    Another  process  involves  Sfc^ 
delicate  etching  of  the  t]l ass 'Surface 'by  acjd  treatment,  producing  essen- 
tially  a  slightly  porous  silica. surface.    Solar  reflectivities  \  low  as 
1  to  2  percent  o^n  be  obtained  under  carefully  controlled  conditions. 
Total  transqjissivity  of  a  double-glazed  collector  can  thereby  be  increased 
to  values  above  90  percent/  THe  cost-effectiveness  of  this  substantial 
ihiprovement  in  performance  has  yet  to  be  established. 

ffie  solar  absprptivity  of  the  radidtion-recei^ving»snrface,  a,  is 
dependent  on  the  optical  property  of  the  materials  exposed' to  solar 
radiation.    Surfaces  which  appear  black  to  the  eye  have  high  absorptivity 
for  the  visible  portion  of  the  solar  spectrum,  and  usually  also  are  good 
absorbers  for  the  infrared -portion  of  the  solar  Variation.    Carbon  black,- 
numerous  metal  pxide,s,  and  most  black  paints  have  absorptivities  above  ^ 
0.95,  that  i*5,  they  absorb  95  percent  of  the  .solar  radiation  reaching  the 
surface.    The  remainder  of  the  solar  radiation  is:  reflected  upwards  through 
the  grazing.    The  averSll  efficiency  of  the  collector  is  strongly  dependent 
on  the  absorptivity  of  this  surface,  ^  •  , 

•  .  \ 

Th^  most  common  types  of^absorber  surfaces"  are  heat-resistant  * 
black  paints,  usually  applied  by  spraying,  followed  by  curing  with 
heat  to  eliminate  solvents  and  to  secure  peri^anence.    fhesfe  surfaces  must 
^be  capable  of  prolonged  eXpqsure  to  temperatures  of  300  to  400    F  in 
double-glazed*  collectors,  wi!:hout  appreciable  deterioration  or  outgassing,  i 


In 


a'  recently  developed  solar  air  collector,  sheet  steel  coated  with  black 


porce'3^i(i  enamel  (applied  to  the  steel  as  a  sprayed-on  ,fri t  and  fused 


ERIC 


.to  the  surfa^ce  in  a  furnace)  is  achieving. successful  application. 

A  C)  *^ 


.f 


11-11  / 

•  \     <    ;  ■     ■  \ 

selXctI'VE-sdrfAces^  '  -  I  :  .  ' 

Most  su'rfate^  that  ar^'good  absorbers  for  solar" radiation  are  also 
*\  '        '  'J     '       '  ' 

good  radiators  or.heat.    lf|,  fop«/;e'xamp1e,  a  surface  has*an  absorptivity  / 

^-     "      /  •■      *  V  V    '    / . 

of  0.95  for  solar  radiation*,  it  will  normally  radiate  heat  at  a  rate 

about  95  percent  of  that  of  a  "perfect"  radiator.    Certain  combinations  of 

surfaces,  however,,  a ne  capable  of  abs-ortring.  solar  radiation 'effectively , 

while  at  the  same  time  relating  heat  at  a  low  rate.    These  combinations 

are  known  as  selective  surfaces.    Mos.t  selective  surfaces  are  ^composed 

of  a  ve^y  thin  black  metallic  oxid^n  'a  bright  metal  base.    The  black^^. 

oxide  coating*  is  thick  enough  jd  act  as  a  ^ood  solar  absorber,  with  an 

absoEptivity  as  high  as  0.95;  but  it  is  essentially  transparent  toiong- 

wave  thermal  radiation  emitted  by  an  object  at  a  temperature  of  several 

hundred  degrees  F.|  Since  t>right  metals,  have  low  emissivlty  for  thermal 

radiation,  that  is,  are  poor  heat  radiators,  and  since  the  thin  oxide 

coating  is  transparent  to  such  radiation,  the  combination  is  a  poor  ^ 

heat  radiator.  'As  a  result,  the  radiation  jloss  from- this  type  of  surface 

is  considerably  lower  than^from  a,  conventional ,  non-.selective  sur.face. 

Thus,, the  overall  heat  loss  coefficient,  U^^,  has  a  lower  value  when  this  ^ 

type  surface  is  used,.   ^  •        '  ' 

The  most  successful  and  stable  selective  surface  developed  to  date. 

i\  iKia'cie  b^'electropla tiog^a  layer  of  nickel  ,^on  the  , absorber  plate,- then 

trodepo^jting  an  extremely  thin  layer  of  chromium  o^id^  on  the  nickel 

su£^!^^      Nickel  cfxide'coatings  have  also  been  used,  but  they  are  less 

resi/t^^it^  from  moisture.  'Coatings  of  copper  oxide  on  bright  . 

copper  ^d.nick^>^ija^  but  temperature  stability  is 

limited.    The  most  effebth^e  se'lective  surfaces  have  solar  absorpti^* ties 

near  0.95  and  thermal  emissivvties  near  0.1.    -  ^ 
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.COLLECTOR 'PERFORMANCE 

CONVENIENT  PERfOpMANCE  ^EQUATION         .  ^' 

Having  now  recognizea  the  ^principal  design /factars  affectigjg  collector 

{Performance,  specifically  tbose  relaJLed  to  heat  loss  control- and  thos^^ 

involving  the  ^absorption  of  soUr  radiation,  v(e  nowcan^  see^^^^  Equation 

(11-1)  that  if  the  numerical  values-of  all  the 'terms  are  known,  the  rate  of 

useftT'l  heat  recovery pQ^j,  can  be •calculatedn    Jn  addition  to  the  des^*gn 

characteristics  of  the  collector, discus'sed  above,' the  three'operation  condi- 

tidn§,  solar  radiation,  average  absorter-plate  temperature,  and  ambient 

temperature, mju St  be  known.'  With  the  exception  of' plate  temperature,  these 
^  f   

terms  can  readily  be  meas.ured*or  obtained  from  tables  or  charts.  Absorber- 

pl^te  temperature however,  is  seldom  known;  nor  can  it  be  ea*sTly,  deter- 

mined.    It  is  Effected  by  the-ether  c^ollector  operating  conditions  and, 

most  critically,  by*  the  temperature  of  the  fluid  being  supplied  to  the 
^  .... 
collector  to  be  heated.  "  ,  ' 

^     In  'an  operating, system  compriseAof  collector,  storag^e,  and  space  being  ^ 

heated,  the  temper^ure  of  the  fluid  in  storage  can  be  measured.    When  a 

system  is  being  designed  for  aH)uilding,  storage  temperature  can  be   '       .  - 

'  calculated*  or  assumed  un-til  confirmed.  .This  flufd  is  supplied  to  the  collector 

and  strongly  controls'- the  6bso,rber-plate  temperature  in  Equation  (11-1).  In' 

*  '.  #        •  *  * 

a  typical  liquid  collector,  average  plate  temperatures  usually  are  10  to 

20  degrees  above  ir)let:l iquid  temperature,  an'd  in  air  collectors,  the 

, temperature  difference  is  30  to  50  degrees.    As  a  convenience,  therefore,' 

Equation  (11-1)  can^be  fnoBified  by  sulsisti tuting  inlet  fluid  temperature  for  the 

)  ^ 


,1 

4 


4S9 
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avfeTSge 'plate  temperature,  if  a  corjrect.ion  factor  is  applied  to' the 
resulting 'useful  heat  determination*    The  resulting  equation  is  ^ 


(11-2): 


f 


v/here 


is"the  temperature  Qf  the  fluid*  entering  tjfie  collector  ™ 
it, a  correction  factor  or  "heat  recover^  factor",  haVwg  a 
value  betv/een  0  and  1.0,  Such  that  the  useful  heat  recovery 
calculated  by  Equation  (11-2)  is  equal  to '^1;hat  "calculated  by 
Equation  (ll-l)/         '  j  *   "  ^ 


.  HEAT  RECOV^RV  FACTOR 

The  ,he§,t  recovery  factor,  Fg,  can  be  interpreted  as  the  ratio' of  the 

•    ;    "       •  '       V  '  "  \  ■  ' 

,  heat  actually  recovered  to  that  which  w#uld  be  recovered  if  the  vCoUector 

plate  were  oper:!atin<j  at  a  temperature  equal  to  that^of  the  entering  fluid. 

Thi:s  temperature  equal ity  woul d  theoretically  be  possible  if.^the  fluid 

we!;;e  circulated  fft  such. a  high  rate*through  the  collecto^^  that  there  yould^ 

be  a  negligi^ble  rise  in  the  temperature  of  the  fluid  passing  through" 

the  collector ,  and.the  heat  tramsfer  coefficient  were  so  high  thaj:.^the 

temperature  di fferehc"i?^b,eiween  tMe  absorber  sjjrface  and^the^  fluid  would  b^ 

negligible.  ' 

In  Equation  (11-2),  the  temperature  of  the  inl^t  fluid  is  dependent-^ 

on  the  character! S0CS  of  the  complete  solar  heating  system  lirtd  the  heat 

demand  of  the  building,    F^,  however;'  is -affected  only  by  the_ cal  1  ecTor 

characteristics  and  the  fluid  flow  rate  through  the  collector.    As  indicatedf 

above,  the  numerical  value  of  Fj^  woul.d  be  l/o  if  the  enfening*fl uid~.tempera 

'  ^  ... 

ture/and  the  average  pla'te  temperature  were  the  sanfe.  .  . 
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COLLECTOR-  TEMPERATURE.  PATTERNS  j  -  V 

The  better  tlie  heat  ti:ansfer  cbeffic\<nt  between  the  metal  olate  and  ^ 

I  ...  ^ 

?  the'' fluid,  the  mfire  nearlyjthe  fluid  temt)erature';will  appr6|ch  the  plate"    ^'  I 

'■  .       .  -  w  '  •;  •     f ,     ^*      ■    ,  , 

temperature  at  any  one  pos^ition  in  t^le  collector,  hence  the  higher  will  be 
*    *  '  -A  '  .  .        /  w-   .  ^        *  . 

the  yalue  of  Fj^..  Similarly,  the  greater  the  fl uid^  ci rculation  raj:e,  the- 

smaller  will  be  the  temperature  change  ^from  inlet  to  outlet  and  t'he  .  ' 

•    •  *  »        •  '  * 

^closer  will  be  the»inlet  fluid"  temperature  to  the  average  plate  '  '  /  * 

tempe^ature._  Figure  11-4  shows  a  typ.ical  temperature  paj:terj3  in  a  soTar 

heater  bei^g  supplied  with  1-iquid  sf^  130  degrees;   Liquid  ^ee^es  the* 

cpllectoKat  about  150  degrees,  the-  collector-plate  temperature  is  about 

10  degrees  above  the  liquid  temperature  throughoDt  the  collectprj^  and 

^'         .      '       •  ,^  '  -       ♦ ' ,         •  .  ' 

the  average  pl-ate  temperature  is  about -150  degrees.    If  typical  values 

'of  the  >:o1  lectors] parameters  .are  Substituted  in  Equations  (ll-l>;$nd  (11-2),' 

it  will  be^found  tha>  using  130  °F  as  inlet  fluid/.temperature  in  Equation  (11-2) 

instead  of  150  ®F  as  the  average  plate  t^mperaturje  ^in  Equation  (11-1)  would 

.  necessitate. use  of  a  heat  recovery  factor,  F^.,  q/  about  0/9  to  obtain  the^ 

-correct  value  of  Q      If  the^xoefficient  of  heat  transfer  between  the 

collector  plate  and  the  liquid  is  low^r,  on  if  a  lower  fluid  circulation 

rate'  is  used,  the  value  of  Fj^  would  be  slightly  less...     .  ,         ^  ^ 

.       .       *  *        '  * 

"A  temperature  pattern'in  a^'typical  air-heating  collector  ©"berating  * 

with  an  .air  su^pl^from  the^ space  te^i'ng , heated  or  from  the  cold  end^pf  a^ 
pebble-bed  storage  uh^t  at  70      is  also  shown  in  Figure  11-4.'  Full  sun 

^  an(t  a  practicaT^^  air  circulation^ rate  of*^out  2  cfm  per. square  foat  of  collector 
are  assu'rped  in  the  example.  An  air  temperature  rise  of-about'^eO  to  80  ^ 
d^grees^would  ©ccur  uhder  these  conditions,  v/Kich  is  much  hicfh^er  than  in  the 
liquid  case  becausre  of  the.  lower  specific  heat  for  atr.    THe  mass  flow  rate 

^  IS  about  the  same  as  that  of 'the  Tiq*id  (jneas^red  as  pounds  per  hour,  for 
example)  for  sui^table  pressure  lo^s  conditipns'.    Rather  than  /  mo.derate 


190 


60" 


~~i — n— — I — -r — I — r — i — i — r- 

Average  Absorber  Wate  Temp.  ( tSO^F) 

t  — 
=  Outlet  Li-quid  Temp. 


J  I  J  I  I 


J  L 


10 


.  Dis^tahce  along^Solar  Collector  Absorber Plaie^ft 
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Figure  11-4;.  'Comparison  of  lypida-^grtiper^ures  in'Liqu.id  and  Air*  Heatinc)  Solar  Collectors 


J 


,   11-15  ••  * 

lO-degree  difference  between  plate  and  fluid  temperatures,  as  in  the  liquid 
case,  the  air'collectdr  is  characterized  by  a  30-to-50-^F  temperature  driving 

'force.    The  much  lower  heat  transfer  coefficient  from  the  plate  to  the  air 
is  responsible  for  this  difference.    Under  the  conditions  chosen,  fhe^  average 

.  plate  temperature  would  be  a'baut  150  degrees^  approximately  the  same  as  that 

estimated  for  the  liquid  system.    Use  of  .Equation  (11-2)  with,  an  inlet  ^ 

temperature  of  70  degrees    results  in  a  heat  recoveryVactor,  F^,  typically 

about  0.7  for  the  air  collector.    Characteristically,  solar  air  heaters 

having  hQat  transfer  surfaces  approximately' equaj  to  the  solar^  absorbing 
'         %  .  '  ^    ^     *  • 

area  show  hea^'t  recovery  factors  substantially  below  those  achidVed  in  liquid 

*  ■* 
collectors.    However, as  sho^n  below,  this  difference  must  not  be  interpreted 

as  superiority  of  one  over  the  other  when  used  in  suitably,  designed  systems. 
■COLLECTOR  EFFICIENCY 

*  •  • 

Equation  (11-2)  may  be  rewritten  a§  an' efficiency  of  solar  collection, 

that  is,  theVatio  of  Osef ul  heat  delivery  divided  by  the  total  solar 

radiation,  by'divid-ing  both  siiies  of  the  equation  by      and  by  A  .  Equation 

•   *  c 

(11-3)  is  the  result.         '     •  '  .  .'  ' ' 

■•'•'/ 
1  «•  . 


Q  •        '      "      r  u    (T.  -  T  )*  collector 
u  .  =        TO-  -  FgU|_     1       a     =  efficiency         •  (11-3) 


For  a  given  collector  operating  at  a  constant  fl uid*,circulation  rate,  A  ,  . 
Fj^,  T,  a,  and  Uj^  are,  nearly  constant  regardless  of  so*lar  and  temperature 


conditions.    Assuming  that  they  are  constant ,  Equation  (11-3.)  );epresents,  ^ 
stt'aight  line  on  a  graph  of  efficienc^y^rsus    "^i.  ^^^a    .    The  characteristics" 
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./Qf^thi^  tine  ai^  an Nntercep^;  (the  intersect-iojr  of  the  line'with  the 
yer^ioal^^fflcien^  axis)  equal,  to  the 'numerical  v^lue  of      ta  and 
"dr."slop§"  Of  the  line,  that  is,  thk  vertical  s.cale  change  divided  by  the 
*  horizontal  scale  ohan^ie ,:eq^ual  to  (-Fj^U^),'    So  if  experimental  data  on 
tor  heatiieli very  at  varioy^  temperatures  and  solar  conditions  are 
raph/with  efficiency ,as  fh^  vertica-l  axi-s  and     ^  ^ 


as  the"  horteont^l  axis,' the  best%>^aiql^j^n^.through  the  data  points 
is^.a  com^tete  representation  of  the  c^^^or  performance  over  its 
entire  operating 'range.    Where  the^  lirie  intersects *the  vertical  axis 


1 


corresponds  tor  the  fVuid  in]et  temperatu-re  being  the  same  as  the  ambient 


^  .    temperature,  afid  collector  efficiency  is  at  its 'maximum.    Where  the    /'  . 
line  intersects  the  horizontal 'axis ,  colleotion  efficiency  is  zero.  This 
*^"J^^»tion  corresponds  to  such  a  low  radi^tfon  level  Of*  such  a  high  tempera- 
ture     the  fluid  supply  to  the  collector  that  hea£  losses  are' equal  to 

*  '       ^         '    -  <  .      *"    '  . 

solar  absorption  and  no  usefgl  heat*  is  delivered  -frotn  the  collect;or.  ^ 

Typical  Col  lector.  Characteristics  *  '  ,  .  * 

*Figui:;e^ll-5  shows  efficiencies  of  several  types  of 3-collectors 

^correlated  in  this  way.    These  lines  are- the  resul t>^^actual  meafsurements, 

\  '   *-  Coklfectors  4  and  7  are  seen  to  have  the  highest' effAciencies,  but  fin-aV 

s.^tection  also  depends,on  costs,  durability,  appearanc^^  and  so  on,  - 

Collector  4  appears  , to  have  the  best  performance  of  all,thj)se  compared  in' 

Figilre '11-5.  if  normally 'operated  at  cbnditibns  repr^esTn'ted  by  the  left- 

^*    'hand  side^of  the  graph'.    Such  conditions  are  low  operatjng  temperatures 

'     .  •  *  ♦ 

or  high  sj&.lar  radicition.    Near  the  flight-hand  side  of  the  grapH^  however, 

;^  cqI lector  7\^s  more  efficient  than  collector  4,  wher^e  high  'inlet 

*'  '  %    .  * 

callector  temp^eratures  oc  low  solar  radiation  prevMT.    It  \s  evident  that*. 


some  coj^lectorsa^e  bet j:er  than  others  i-n  some  temperature  and. radiation 
^    ranges  J.  w^reas  a  ^versal  can  occur  at  different  conditions.^ 
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Figure  l^-B.'  Solar  Collector^ Efficiency. 
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A  graph  such  as  that  in  Figure  U-5.fop  a  particular, collector,"  when 
compared  with  others- of  similar  type, tan  be  used  for  selecting  suitable 
equipment.    Collector  manufacturers  usually  provide  such  data. 
Of  equal  value  are  dependable  data  ^n  the  quantities   Fj^ia  and  Fj^Uj^..  • 
^Knowledge  of  those  two  factors  is  equivalent  to  having    the  graphical 
relationship.    Table  11-1  contains' this  information  for  the  same  - 
(?ollectors  shown  in  Figune  11-5. 

Comparison  (^f  Liquid  apd  7\ir  Collector  Performance 
i  i  .  '  ^ 

Fi'gure  11-6  shows  efficiency  relationships  for?  a  widely  used  air 

collector' operating  at  two  different  air  circulation  rates,  and  a 

.  -  liquid  collector  (collector  5  from  figure  11-5).    Whereas  flow  rate  • 
does-  not  significantly  affect  ttie  efficiency  of  a  liquid  collector, 
it  is  evident  that  airi'low  rate  has  a  significant  influence  on  air  collector 
'Performance.'  Although  e*en  greater  efficiencies  can  be  achieved  with 
-higher  air /.low  rates,  the  larger  pressure  drop  and  power  requirements 
to  circulate  air 'at,  rates  aBove  2  cfm/ft    force  a  compromise  between 
collector  efficiency  and  powp'r  consumption.    Figure  11-6  also  shows 
that  at  the  same^  inlet  temperature,  ambient  temperature,  and  solar 

^   radiation  level,  the  liquid  collector*  is  more -efficient.    It  is  important 
to  recognize,  however,  that  liquid  and  air 'collectors  normally  operate^at 

^    very  dvfferent  inlet  temperatures,  so  that  air  collectors  usuall/  operate 
at  conditions  subst-^njial ly  nearer  the  left  side  or  the  'graph  than  do 

^  the  1  iquid  "type.  ,The  net  result^is  comparable  operating  efficiency  with  t^ie 
two  ty4)e;5.       ^  *  -      ,  ,         *  * 
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Table  U-1.    Solar  Conector./Performahce  Panapieters 


Collector 
Number 

»       \                                          •  , 

Absorb^er 
Ma.terial 

^  AOSorDer  / 
Surface  / 
Cqatifig  ^  /  • 

Transparejnt 
'  Covers . 

Btu 

Manufactured  and  Remarks 

(hr)(ft2>(0F) 

a 

.  e  ^ 

'  T 

NASA/lH^neywell      '     ,  . 

Al uminum 
* 

aiack  Nitkel 

.  2  J^ass 

0.94 

.  '-0.56 

0.74 

0.95 

.0.0/ 

0.78 

t 

'.  ^  ,  , 

MSFC 

Aluminum 

Black-  Ni'Ckel 

2  Tedlar 

0.95 

0.69 

0.56 

0.73 

0.1 

0.77 

3 

RASA/Honeyv/e^  1 ,  - 
•     '              •   •          •  . 
JUASA/Honeywell  ^(myiar    .    ■  ^ 
honeycomb)'     •  ■ 

Al uminum 

>  « 
Al  urni  num 

Black  Paint 
Black  Paint 

1  G>ass 
•2.  Gla'ss 

0.90 
0-.96 

.  •    1.3    ■  . 

:  y 

0,57^'  t 

0.89 
0.77 

0.97- 
0.97 

0.97 

0.92 
0.79 

NASA  >kineywel-1    .  .  - 

AlLfmirjum 

Black  Paint 

2  Glass 

0.93 

"  ''0.80 

0.76 

0.97 

0.97 

0:78 

PPG.            '  4  .  .  ■ 

Al uminum 

Black  Paint 

2'G1as&  » 

a.85 

0.73 

0:95 

'0.95 

0.77  - 

.7 

D^ens  (evacuated  tube)  \ 

GVass , 

S^l 1 1  VP 
Surface 

1  .&iass 

*  V 

\ 

\ 

■0  75 

> 

n  7? 

0  8 

0  07- 

'  r 

* 

*       .    •  • 

So.l aron  ( da ta^  fDfni^she^i>by 
minufactu.re»:)\  ''Heat;***/W 
transfer  fluidos  air',  \ 

'           /                        .         if.  > 

Steet  / 
4     . .  

'Black  Paint 
•  •  * 

t  Glass 
* 

0.67 

• 

0.77  '  . 

• 

0-.73 

1 
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Figure  11-6.    Comparison  of  Liqui^d  and  Air 
^    '  Collectors  Based  on  Meas.ured  - 

Performance  (points  shown  are 
for  air  collector  operating  at 
^  2  Gfm/ft2). 
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5  foregoing  ccfmpanison  leads  to  the  conclusion  that  whereas 

similar itypes  of  oollectors  such  as  flat-plate  liquid  heaters  can  be 

\    \      '/    '     '  .  '    '  •   

comparedWm^      of. a  graph  such  as  Figure  11-5,  S^parTs^T^can^^  be 

\     /         *  *  '  '<<  ^  ' 

drawn  in  thi^  way ^ between  different  types.    A  second  '^ncUjsion  is  that 

since  ,  the  conditiqn^  under  which  the  col  lector-must  opiate  depend  on'  system 

conditions,  particularly  storage  temperature,  comparative  evaluation 

requires  attention  to  the  other  components  in  the  system  a^id^t'fielr 

effect  on  collector  performance'. 

Table'  11-2  contains  a  step-by-step  summary  comparison  of  air  ahd 

.  .  liquid. types  of  collectors'.    Typical  air  and  water  heaters  are  comparejd 

at  a  high  solar  radiation  level  at  a  fairly  low  solar' intensity. 

Characteristic  designs  and  operating  conditions  have  been  assumed. 

Figure  11-7  stiows  the 'results  of  the  two  calculations  in  graphfcal 

*  form.    It  may  be  noted  that  at  the'  high  solar  radiation  level .  300  BJu/hr-ft^, 

\      '    .      ^      ,  '  '      '  * 

the  two^colTectors  have  identical  (50%)  efficiency,  aad  at  the  lower 

sdTar  levej,  150  Btu/hr-ft  ,  the  air^collector  (operating  at  the  qharacterisr 
ticaMy  low  return  air  temperature)  has  an  efficiency  substantially  greater 
than  the  liquid  collector,. 

In  another  section  of  this  manual,  methods  for  appraising  the         '  ^ 
performance\f  complete  systems  under  varying  atmospherK  and  .solar'        '  • 
conditions  ^re  presented. 


\ 


\ 


COMPARISOiJJ^OF  LI-tlUID  A(jD  AIR-HEATING  SOL/\*r  COLLECTORS 


Solaf  air  coll ectoV{S -have  riot  achie.ved  the  degree  of  use  which  liquiti 
conectors  have,  perhaps  b^caus6  of  the  prior  art  in  solar  water  heating 

in  warm  climates.    Evacuated  gl&ss  tUbVsolar  collectors,  because  of  their 

•  «  A  •/  •  . 

high  efficiency  and  rdativelyv/low  ma'terial'^sts,  offer  the  possibility 
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Table  11-2.    Comparison  of  Typical  Solar  Heating  Systems 
Employing  Liquid  and  Ai)r  Collectors 


Performance  Relationship:. 
Collection  Efficiency: 


Design  Characteristics : 

Heat  Recovery  Factor  Fr 
Heat-  Loss  Coefficient  U^^ 
Cover  Transmission  t 
Plate  Absorptivity  a 


Fp  ta 
F^  U 


i 


O  oooooo 


Liquid 

0:9-' 
0.75  '1 

0.85  J 
0.95^ 
0.73 
0.68 


Air 

0.7 

0:'75 

0.85 

(3.95 

0.57 

0.53 


Operating  Conditions!.  •  ^ 

Atmospheric  Temperature  T.,  ^F 
•    Fluid  Inlet  Temperature  T^^,  °F 
Solar  Radiation  Hj,  Btu/h?"ft>^ 
Fluid  Flow  Rate,  ipm^W,  cfiVft2 


T^)/Ht 
Calculated  Performance: 


Ta)/"T 


Fj^Ta 


Ja^/^^T 


Collection  Efficiency,  % 
Computed  Outlet  Temperature, 


30 

30 

30 

30 

130 

130 

.  •  70' 

70 

300 

150 

300 

150 

0.02' 

0.02 

2.0 

2.0 

.333 

0.666 

0.133 

0.266 

/ 

0.23 

0.46 

.*  0:0/ 

/ 

0.14 

0'.50 

0.27 

0.50 

0.43 

50 

27 

50 

43 

145 

138 

134 

.  125 

c 


0.8 

^0.73 

0.6 

<-0.57Nv 

0.-4 

• 

0.2 

{  Air  Slope\N. 

1.07 

n 

1 

0.133 
/  1 

.0333 

il/^i     1    1    1     1  f 

w, 

0 

0.2 

0.4    .  0,6  OJQ 

i.d 

Tin 


•  otm 


V 


Figure  11-7.    Results  of  Perf^manQe 
Calculations.      r  :^ 
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* 

'  -  *  ^  * 

of  substantially  improving  the  overall  performance  of  liquid  systems. 

A  double  glass  wall  tube  with  the  annular  space  between  the  two  concen-    ,  * 

trie  glass  tubes  evacuated  offers  the  pos^sibil  ity.  of  some  improvement, 

even  for  solar  ai reheating  srol lectors, if  they  can  be^ produced  and  sold* 

at  competitive-i)nces. 

As  to  solar  collector  failure,  the  rate  is  much  greater  for  liqipra  %  . 

♦  •  .  # 

systems  used  for  heating  buildings.    On  the  other  hand,  at  least  one. 

.manufacturer  of  air-heating  solar  coljectors-guarantees  its  product  fpr. 

-10  yea|s.  •  1* 

-Concentrating  so'lar  c(blleCtors  for  the  heating  of ',buildings ,do  not 

appear  to  be  practical  in  areas  of  the  v/orld  where  a  large  fraction  of  the 

total  solar  energy  received  is  in  the  form  of 'diffuse  solar  radiation. 

While  flat-plate  solar  collectors  collect^  diffuse  solar  radiation  ~ 

along  wi  th  .di rect-beam  solar  radiation,  co-ncentrating  solar  colTeetors 

collect  direct-beam  solar  radiation  only.  ^     '   '— 

In  air  systems,  the  problems  of  designing  for  scJlar  col  1  ector  *over- 

heating  during  periods  of  no  energy  removal  are  minimized.    Warm-fiir  ' 

heating  systems  are  already  in  cormon  use.    Conventional  control  equipment 

IS  readily  available  for  application  to  air  systems.  •  - 

•    Disadvantages  of  air  systems  ijiclude' relatively  high  fluid  circulation 

costs  (especially  if  the  r^ck  heat-storage  unit  is  not  carefully  destgne"d), 

relatively  large- volumes  of  storage  (roOghly  three  times  as  much  volumne 

as  fpr  water  heat  storage),  a  higher  noise  level,  the  difficulty  of^*:^ 

adding  con'fentional  absorption  air  concji tioners^  to  air  systems,  and  the 

space  required  for  ducting/ 

V  Advantages^" of  air  systems^nclude  no.  corrosion  problems,  no  boiling 

*  .  *  *  *  ^ 

problems,  le§5  concern  for  leakage,  no  freezing  worries,  and  possiMy 

lower  maintenance  costs  than  for Jiquid  systems.  \ 

.  '~      '  .      '503    ■  ' 
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.    Advantages  of  water-heating. feeler  systems  jnclude  use  of  a  common 
heat  transfer  and  stor>age  medium  in  areas  of 'the  world  where  freezing  tempera- 
tures  are  not  encountered.    The  Water  storage  volume"  is  about  one-third  of 
the  volume  •of  rocks  for  a.ir  systems  to  store  equal  quantrti^s  of  hea.t.  ^  \ 
Liquid  systems  are  rather  easijy  adapted  to  supply  energy  to  .absorption  air 
conditioners.^   They  are  also  less  noisy -than  air  systTms  and  are  more  Veadt'ly 
adaptable  to  various  architect Jtc|^l  arrangements.    The  energy  require'ments 
for  pumpiQig.thQ  heat-transfer  fluid  range  from-6  to  8 'percent  of  the  useful 

'  solar  energy  delivered. 

In  4:hose  areas  of  the  world  where  freezing  temperatures  are  encountered, 
the  liquid  used"  in  the  collector  is  separated  from  the  water  in  the  storage 

.tank  by  means  of  a  he^at  exchanq^r*    This  results  in  a  temp.erature  difference 
between  the  collector  inlet  temperature  and  the  storage  water  temperature, 
hence  in  a  higher  absqrber-plate  terri|)erature.    An  additional  water  punpp 
IS  required  wherva  heat  exchanger  is  used.    Solar  w^ter-hea-ting  systems 
usually  operate  at  lower  temperatures  than 'conventional  hot  water  systems 
and  therefore  require  additional  heat  transfer  surface  area  or  fan-coil 
units  to  transfer  heat  into  the  building.    Liquid-heating  collectors  may 
also  operate^at  excessively- high  temperatures  (especiaT^y^  in  the  spri-ng 
and  fall  when  both  heatfng  and  cooling  loads  are  least)  and. means  must  be 
provided  to  avoid  boilingjn  the  collector  and  rupturing  the'tubes  in  the 
collector  because  of  Jncreased  pj^essures.    When  aqueous,  soluti-ons  are  used 
as  the  liquid,  care  must  be  exercised  to  minimize  corrosion  problems, 
especially  in  the  collector. 


ECTOR- ARRAYS 


r 


When  arranging  indfvidual  ^oHector. units  into  arrays-,  it  M 
important  to  achieve  equal  flows  through  each  collector^  '  An  array  of. 


liquid-heating  solar,  collectors  could  be  arranged  as  shown  in  Figure  ll'-8,' 
with  headers  at- the. top  and  bottom^of  the  array.  -.Satisfactory  floa,distri-  . 
bution'^is  realized  if  the  headers  are^sized  so  that  the  head  lossv^pressure 
drop)  from  the  bottom  to  top  of  each  collector  (colum^n)  is  about  96  percent 
of  the  total  head  loss  from  A  .to  B.  '  .         *   .  y 


An  ajjp^rangement  for  an  array  of  air-hearting  collectors  is  shown  -in  Figure 
11-9.    The  main  manifold  ducts  are  sized  in  ac^rdance  with  the  volumetric  -  ^ 
air  flow  rates,  and  in  the  scheme  shown,  the  manifolds  within  the  collector^ 
are  used  as.  "headers".    The  specific  arrangement  wiVl,of  course, depend  upp^ 
the  design  of  the  collector.  '  ' 
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\  Figure  11-8.    Definition  Sketch  for  Fluid  ^Flow  Distri- 
^  '  bution,  A  Solar  Collector  Array. 
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fRTRODUCTION. 
TRAINEE-ORIENTED  OBJECTIVE  -  » 

 ;  ^  T — y — ■  :  

The  objective  of  this  module  is  to,  distinguish  and  describe  the' 
design  requtrements  for ^different  types  of  .heat  storage  for^air-heating 
and  liquid-heating  solar  systems.       /  , 

SUB-OBJECTIVES  ^    ^  . 

With  the  material  in  this  moBule  the  trainee  should  be  able  to: 

1.  Identify  the  two  principal  types  of  heat  storage  used  wilh  ,^ 
solar  systems  '     -  ^  ' 

r  I  ■ 

2.  Describe  the -various  aspects  in  the  design  and  function  of 
.  ^        .  >!/ater  storage,  rock  bed  storage, -and  eutectic  salt  storage. 

The  purpose  of  thermal  (or  heat)  storage  in  a  solar  heating  anc 
cooling  system  is  to  provide  heat  overnight  and  overintermittent'ly  cloudy 
periods  during  the^day.    The  heat  must  be  easily  stored  from  the  collec- 
.  tors,  readilj^  supplied  to  the  heating  and  cooling  system,  have  few  internal 
losses  or  losses  to  t'he  envirpnment,  be  inexpensive  and  riot  take,  up  an 
excej^yre' amount  of  floor  space.    There  are  limitations  to  storage  size 
for  a  given  collector  area.    Several  factors,  .the  most  important  of  which 
is'cost,  dictate  that  storage  should  be  xiesigned  to  serve  an  i8-to-30-hour 
time  period.  ^  -  ' 


r 


The  two  principal  types^  of  stor-age,  water,  storage  and  rock  bed 
strrage,  are  associated  with  a  specific  type  efp^col lection  system.^. 
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Both  types  are  based  on  sensible  heat  storaae^,  i-n  which  thp  quantit*^  of 
heait  stored  is  directly  proportional  to  the  temperature  rise  in  the  stforage 
medium.    Storage  of  heat  in  wat^r^  is  geaeral  ly\sed  with  a  hydronic  system 
and  storage  in  a  rock  bed' is  generally  use.d  with  a  hot  aic  systerft.  Water 
has  a  high  capacity  for  heat  storage  and,  although  rocks  have  one-fifth 
s  much  as  water,  both  rocks  and  water  are  inexpensive*  ^ 

Other  types  of  heat  storage  material  include  metals.    Iron,  which  is 

\  '  '  \       '    '  \  7 

among^he  cheapest,  is  a  material  which  has  a  high  hea^^storage  capacity 

per  unitVolume.    However,  this  ma-terjal  i^  aboxit  twenty  times  more 

expensive  rhan  rock  for  an  equivalent  heat  storage  capacity-. 

Another  h^at  storage  possibility  is  the  use  of  phase  chrSnge  materials 

like  eutectic  savlts  (salt  hydrates).  .These  materials  store  latenf'as  well 

as  sensible  heat.AThat  1'?^  they  utilize  the  heat  of  liquefaction 'as  the 

primary  means  of  storing  hea't,  TLarge  amounts  of  heat  can  be  stored\arf^  ^ 

^/ 

"releasjed  by  the  proces^ 'of  mel  ting  and  so1idify^i«ng  without  change  in 
temperature.    The  principal  advantage  in  the  use  qf  these  materials  ^s,' 
that  smaller  storage*  siz^  is  needed  as  compared  with  a -water  tank  or  "St  rock 
bed.    However,  there  are  ^  number  of  problems  that  are  associated  with 
these  materi'^als  tha^  have  beeri  examined  by  researchers  for  years  and  have' 
not  as  yet  been  resolved.  ,    '     '  ■ 

STORAGE  CHARACTERISTICS      '  •  ■  « 


WATER  STCpAGE        ...         .     =  ,       '       '      ^    ■  . 

.Heai  can  be  stored  in  a  tank  of  wafer  by  circulating  water  from  tbe  ■' 
,tank  'tnrough  the  collector  loop  and  back  to  ,the  tank  either  di.rectly  or 
by  .interfacing  the  tank  and  collector  loop  with  a  heat  exchanger.  Thus,  the 
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temperature  of  the  entire  tank  is  gradually  increased.    For  non-pressurised 
•tanks,  tfie  tempervature  will  be  limited  to  slightly  below  the  boiling  point 
of  wateK.    A  non-pressurized  .tank  should  be  vented,  but  the  system  size 
should  be  designed  to  prevent  boiling.    There  as  loss  of  energy  associated 
with  boiling.    A  pressurized  tank' is  expensive  and  should  not  be  considered 
f(Jr  a  normal  residential  heating  and  cooling  system.    Al'though  there  "is  a 
'large  amount  of  heat  that  can  be  stored  as  latent  heat  of  vaporization, 
the  hi^  .temperature- at  which  this  takes  place  is' not  needed  in  a  solar 
heatingland  cooling  system. 

•Water-fTas  a  spec'ific  heat  .of  one  "Btu  per  pound  per  degree  Fahrenheit. 
On  a  volume  basis,-water  can  store  or^'Btu/lb°F  x  62.4  Ib/ft"^  or  62.4  Btu 
per  cubic  foot  degree  Fahrenheit.    The%]100-gal Ion  or  147- cubic-foof  water 

storage  tank  in  CSU  Solar  House  I  can  store  about  9170  Btu  per  °F 

■  •  ■    3  ?  ' 

(147  ft  xBtu/ft'^^F)  of  heat.    Thus,  if  the  tank  is  at  194°F  and  the  tank 

is  drawn  down  to  95°F  (194°F-95°F)   (  91  7Cr  Btu/°Fj.,  908,000  Btu  of  energy  ' 

would  be  provided.    Solar  Housed  has  a  heating  load  requirement  of 

17,600  Btu  per -degree  Fa>irenhei  t  day .    If  the  outside  average  temperature 

•-for  one^day  is  14°F  and  the  desired  inside  temperature  is  68°F,  then  the 

) 

load  for  a  day  would  be  950,000  Btu  (17;600  Btu/°Fday  x  (68°F -  14°',F)  x  1  day). 
Thus, if  there  is  no  loss  of  heat,  the  storage  tank  would  have  sufficient 
capacity  to  carry  the  .building  load  for  about  23  hours. 

-   Water  storage  tanks  shoi;ld  be  insulated  to  prevent  excessive  hfeat 
losses.    If  the  tank  is  located  inside  the  building  enclosure,  the  heat 
is  not  lost,  but  there  is  uncontrolled  heat  delivery  to  a  localized  region:. 
In  summer,  the  heat  ^rom  thq  tank  w({uld  add  to  the  cooling  load.    If  the  ^ 
tank  is^.lpcated  undefgrourid,  the'heat  is  lost  from  the\  solar  system.  * 

.^The  minimum  useful  .temperature  in  a. water  storage  tank  for  direct 
heating  systems,  as  discussed      previous  modules,  is  above  90^F. 

■         .      -.  514 
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For  solar  cooling  systems,  the  minimum  temperature  Is  about  170°F  for  a 
lithium-bromide. .water  absorption  cooler.    These  lower  useful'  temperatures 
and  t\\e  bo|ling Vemp^rattire  as  the  upper  limit  set  the  temperaliure'  ranges 
whicb.determine  tank  size  in  sys-tem  des^igrjs.  ^   .  ^  ^ 

In  contrast  to  hot  water  storage  tanks,  the  rock  bed  cannot  be 
storing  and  delivering  heat  to  the  house  at  the  same  time.    T.o  heat  tjie 
house  from  storage,  the  flow  of  a.ir/is  reversed;  cold  air  is  'delivered 
to  the, cold  side  of  storage    aifa  is  heated  as  it  flows. through  the  hot  ^ 


rock  bed.    Becausfe  the  cold-air  return  to  storage  from  the  house  is 
always  at  room  temperature,  the  auxiliary  heater  can  be  placed  in  the 
delivei^y  duct  from  storage.    Auxiliary  heat  will  not  increase  the  tempera- 
ture^'n  storage.    The  temperature  front  in' the  rock  bed  will  gradually 
recede,  and  even  when  all  the  useful  heat  lta?^been  depleted  from  the  rock 
bed,  th^,  air  can  .continue' to  be  circulated  through  storage  if  the  pressure 
drop  across  the  bed  is  small.  '  "       '  ^ 


ROCK  BED  STORAGE 

Heat  is  stored  in  a -rock  bed  by  circulating  heatec^air  fV^om^^he  / 
cgllectors  directly  through  the  rock  bed.*  In  contrast  to  the  water  j_ 
storage  tank,  the^rock^bed  is  not  heated  uniformly,  but  js  heated  by 
layers  to  the  temperature  of  the  air  stream  coming  from  the  collector. 

/ 

This  results  in  temperature  stratification,  wh'ere  the  top  of /a  rpck  bed 
is^  at  the  collector  air  temperature  and  the  bottom  of  the  roek  bed^s  at* 
room  temperature.'  The  advaotagfes  'i'ri  stratification  are  that  cold  air  is  . 
'returned  to  the  collector  so  that  the  collector  operates  more  efficiently, 
and  when  heating  from  storage  at  night,  the  air  temperature -is  high,  ^fng 


near-ly  at*  the  same  temperature  as  it^was  delivere^d  from_the  collector  - 
during  the  day.    In  contrast,  the  limit  of  water  storage  temperatpre  to 
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heat  the  house  is  abo,ut  QO^F.-and  the  auxiliary  boiler  in  a  water  system 
should  not  be  placed  in  "series"  with  the  storage  tank  because  the  water 
tempera.ture  return  frofo  the- fan  coil  unit  would  be  greater  than  90°F  and      ,  • 
thus  auxiliary  fuel  would  be  used  to  heat^^the  storage  tank. 

Commonly  available  rocks  have  a  specific  heat-af  about  .21  Bti^l6)(°F}. 
On  a  vojume  basis,  the  .hgat  capacity  is  about  21  Btu/(ft^)(°F)  (.21  Btu/ 
lb°Fx  100  Ib/ft"^)  for  .75-to-r.75-inch  rock  sizes.    This  is  one-third  the 
heat  capacity -of  y/ater  on  a  volume  basis.    Thus,  to  have  the  same  heat  storage 
capacity  as  ^  water  tanlc^about  three  times  greater  rocic  volLme  is  required.  The 
rock  bed  in  CSU  Solar  House  II  contains  18  tons  of  .75-to-l./5-inch  rocks  in 
363  cubic  feet_  At  a  uniform  temperature  of  150°F,  595,30o/Btu  (30  Btu/ 
(ft3)(<'Fjx  363  ft^x  (150  -  68)°F)  can  be  stored.    Solar  Hou/e  II  has  a 
design  heat  lead  of  1 7, 600 -Etu/ Degree  Day.    For  an  averag^  outdoor 
temperature  of  14°F,  there  would  be  approximately  17  houi/s  of  heating 
capability  from  storage. 


PHASE  CHANGE  STORAGE  \  ^     *  , 

V 

A  phase  change-material,  such  as*  sodium,  sulphate  hydrate,  with  its 
^    pliase  change  occurring  at  about  88^F,  ctfuld  store  a  large  amount  of  heat 
in  a  small  amo¥nt^f  masV.    This  particular  phase  change  material  has  a 
heat  of  fusion  of  108  ^BttJ  per  pound.    To  store  908,000  Btu  of  heat, 
'8407  pounds  of  salt  hydrate  would  be  required.    Jhis  compares  with  about 
9100  pounds  of  watar  vrith  sensible  heat  storage  from  90^F'to  190''F^ 

Because  the  density  ^of  the  sodium  sulphate  hydrate  is  91  Ib/ft^  as  compared 

*       3  * 

/  with*  62.4  lb/ft   for  water,,  there  would  be  about  65  percent    of  the  S4?ace 

required- for  the. salt  a-s^ for  water.    When  costs  are  considered,  the 
advantage  of  smaller  quantity  is  lo?t.    Also,  othei:  prpblems' exist  for 
this  particular  heat  storage  medium  and  for  other  phase  change  materials 


516 


such  as  packaging  .in  .non-corrosive  containers  and  maintaining  chemical  and 
physical  stability  in-  the  cycling. from  soljd  to  liquid  states.  Storage 
for  solar  heating  and^cooling  systems  is  not  sufficiently  greater  than 


water  or  rocks  to  wanrant  the  greater  cost^ 


DESIGN  ASPECTS  OF'STORAGE  SYSTEMS 


WATER  STORAGE 


Tank  Material 


Tank  materials  most  likely  to  be  used  in  water  storage  are  steel, 
aluminum,  concrete,  and  plastics.    A  number  of  different  modular  and. 
built-in-place  tanks  are  shown  in  Figures  12-1  through  12-6.  .^t^eel  tanks' 
should  be  lined  with  a  material  such  as  butyl  rubber  to  prevent^internal 
corrosion  from  the  water.    Any  material  used  as  a  li.ning  sfiould  have  a 
Ipng  life  since  replacement  may  be  quitei  difficul t.    The  linjng  materials 
must  also  withstand  high  temperatures  that  occur  in  the  storag£.j5tnk. 
Concrete  tankV^^y  "^ot  require  lining,  depending  on  quality,  but" reqyp^^e^ 
additional  rei/tf/brcing  and  sealing  of  joints  because  of  temperature. _ 


stresses.    Most  plastic. tanks  currently  available  will  not  withstand  t\\e 
temperatures  needed  in  solar 'heating  and  cooling  systems.  Therefore, 

.special  composition  tanks^will  'be-  r^uired. 

*  f  * 

Tank  Shape  .    ..  .  • 

^   A  spherical  tank  provides  the  least  surface  area  per  unit  volume  of 

storage.  ^^JS^is  cheapest  to  insulate. -A  shape -Jth^t^^via^s  from  this," 

\Such  as  a  long  slender  cylinder,  requires  more  tank  insulation  material. 

A'spherical'tank  is  also  ^structurally  advantageous.    However,  fabri- 


cation and  support  of  spherical  storage  tanks  are  more  difficult  than  for 


.Figure  12-1.'    Reinforced  Concrete  Block 
^    '  lank  * 
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UNDERGRC^ir^D  STORAQE  TANK  • 


I  1 

«  « 

ABOVC  GROUND  STORAGE  TANK  ;  - 

•  ^V.F.igure '12-4,    Fiberglass  TatTks  •  ' 
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INSULATION  .       I  S^StSv^^iSRf^T^^^ 


INSUUTION  \ 


*<::••:■■•••>••;;.  DRY  SANP;:...'-.*^ 
■*■.■•  BACKFILL 


fc*.  ■  . ...       •  . 


,\  ,     :  h ; .  ^' 

•     ■        '  '      I'        /       Io'mIL-POLYE^'hYLENE  UN^ 
Fig'ure -12-5.  j(/*iberg1  ass  Septic  Tanks  -  Varibus  Shapes  -  5t)0-1000:  gal . 


STEEL  OR-  CONCRETE  . 
COVER 


LOOSE -FILL  INSULATIOI^ 

J 

PIPI^IG 


ErJD  BLANK  OR^ET 
IN^FRESH  CONCRETE 


A  EXPA 


JAT'B'^LAB  rON  -"GRADE 


EXPANSIOf^^JOlNTS,      .    •  * 
Figure' .12-6.    Vertical  Tanks  from  Pipe'.Seejions     .  \ 
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cylindrical  tanks.    Thus^  the  most , practical  ^hape  is. a  cyTindriCal  tank 
having  a  diameter-to'rwidth  «ratio  of  nearly  one.    Precast  concrete  tanks 
could  be  cylindrical  or  rectanguTOr.    Built-in-place  reinforced  concrete 
tanks  would  likeTy  be  rectangular  because  farming  is  easier.  ^ 

Tank  Insulation        .  \  "  t  . 

Insulation  of'a  storage  tank  is  important  to  conserve 'the  collected 
^  heat.    The  bottom  as  welf  as  the  sides^of  the  tank  should  be  insulated. 
<    'Tank  bottdm  insulation  must  be  aqcompl ished  prior  to  installation  of*the 

tank-.  iThefp  are  se^^M»ppss|b11ities  for' doking  ^his^.  One  is  to  rest  the 
,  .  tank  'on  rig^id  i^naulatiOT  foam^pads .    Another  is 'to-^s.t  the  tank  on  closely 

spaced  two-by-six-i nch  boaris  and  tnanltite  between  tf)em\ 

'  ^  ^    '      \^  .       '  •  ' 

.  Several  different  appraaches  can  be  used  to -insulate,.    One  is  to  wrap 
the^tank  in  conventional  .i^^sulating  material  and  another  i«§  to  use  a  spray 
^.foam  type  lOf  insulation.    Insulatiorv  of  ^t  J  east  R->23'is  recommended  for 
inside  and  R-30  for  butside 'talik  placements   A  type.of  in^l^tion  tlf^at 
,    wi,ll  not  absorb  moisture -should  oe  *se1ecte^  tin  ^utstde'locations"^  other 
fireas  where  .waller' or  moisture. may  ba  a  *probl€m^.  ^  '  Jf.    ^  '     •  ; 

IJ:  is  also-desirabl^  to  en-close  the  tank  alonggwith  the  efssociated  ' 

>      »  A'  *  ^ 

•  components  sucK  as  .the  hot  water  heater  and  heat  exchanger^ -iij  a  vented*, 
y  insulated  room;.   This  isolates  the  tank  and  other  heatrprotiucing  subsystems 


f rom'^  the  rest  of  the  house^  -     /•     •  - 


T^nk  hocatton  j*r. 


A  - 

of 


.If^the  tank  is  lo^bateci  witfiin  the^buijl^ing;  there  is  some  los-s 

living  area.  ^ Usually  the  most  ^strable  location  for  the  tank  is..iQ  the^ 

basement..  In  .this  case  the  tank  is  easily  accessible  for  repairs.    In  ' 

other  cases,  such  ars^.  reit;ofit  applications  or^vihere  the^  is  no  basement, 

ther  locations  must  be*found.  Al ternatives  are  the  .garage  or  outside  the 
house,  ejlger"  abov€  ground  or  bjuried.  •  *^ 


othei 
^j(o^el 


TankStra^iftcation  ,  •  '    • '  ' 
 ^              •                        .  -» 

There  is  little  stratification.' in  a  hot,  water  sterrage^tank.  The 
differet^pe  in  temperature  of  the  water  between  the' top  afllbottom  of  the 
tank  is  about  S^'F  during^  normal  operation  in  1000-gallon  tanks.    Strati  ft- 
cation  can  be  enhanced  to  some  degree  by  the  introduction  of  baffles'  to 
prevent  convection  and  mixing.    However,  it  is  questionable  that  the^ain, 
IS  worth  the  expense.  'Another  possibility  is  'to  use  multiple  tanks,  but 
this  adds  ,to  the- expense  of  the  system.  ^ 

Two  major  advantages* can  be. gained  by  stratification.  ^One  is  higher 
temperature  water  delivered  to  the  heating  coils,  and  theother  is  colder 
water  delivered  to  the  conductors.  Higherjtemperatures  to  the  fan  coils 
tou^  result  in  smaller  sizes'^nd  colder  temperatures  to  the  collector, 
resulting  .in  tncreased  collection  efficiencies. 

Piping  IQ  the  Tanks 
^    The  inlet  .pipe  to  the  storage  tank  from  the  collector  should  be 
locVted  toward  the  top  of  the  tank, and  the  outlet  to  the  collector , should 
be  at  the  bottcyp  of  the  tank*    The  outlet  from  the  tank  for  house  heat>||^^ 
and'cool^g  should  be  toward  the  top  of  the  tank,  where  the  tank  is  the 
ho1:test,  and  the  return  should  bl  toward  the  bottom  of  the  tank.    Vented  ^ 
tanks  shoult(^  be  provided^with  a  make-up  water  line  leading  to  the  bottom 
or  the  .tank  with  a -float  control  valve.  •  ^ 

Storage  Tank  Size  '  • 

Studies?  have  shown  that  for  most  locations  in  the  United  States,/the 
storage  tank  sho^uld'be  sized  to  hold  from  1.3  to  2.5  gallons  of  water  per 
square  foot  of  collector  area.    A  smal 1- storage  tank  will^  have  higher  . 
average *|emperiiture?  and  hence  greater'^at  losses.    However,  high  storage 
temper^atures  are  desirable  for.  air-conditioning  applications,  since  the 

■ .  ■  • '     .      I  ■  ^  ■■  ■ 


".    •  .  r  .       -v  ■  • 
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'cut-off  temperature  for  ah  absorption  ay}-Gonditioning  unit  i§  about  iVo^'F. 
.  A  Targe  storage  tank  wilt  fiav\^^wer  average  temperature  and  may 'not  be 
able  Ijo' provide  direct  heating*  of  the  house.    For  mast  residential  applica- 
tions  and  locations,  the  system  performance ^is  relatively  insensitive  w^hin 
.the  T.5  to  2.5  ga?;lon  per  square  foot  range.    *       *  -  .  ^ 


ROCK  BED  STORAGE.  .  ^ 

Con.tainer  Arrangement      -  ,  ^ 

•   A  rock'bed 'Storage  bin  can  be  constructed* with  , wood;' Sl;ud  wa-lls  with 
•onerhalf  inch  plywood  on  both  S3%es  and  3.5  inches  of  R-11  insulation 
placedte^ween  ttte  studs  form  an  adequate  storage  container.    A  plenum 

.       .  '       *    .  1  '  4 

must  be  pr^vided"6n^' the  top  and  bottom  to  distribute  air  flow  evenly  over 
the^  Container  cros^-section»  as  sbown  in  Figure  12-7.  * 

The  bottoip  plen^Jh  is  consjtructed  by- supporting  expanded  wire  meSh.on  . 
concrete  blDc^ss  placed  about  1.5  inches  apart.    The  roCks  are  then  placed 
on^top  of  t^^wire..mesh  and^-iri^^in  is  filled  to  within  a  foot  of  the  top 
of  tbe^rocksV,  The  space^^the  top  jtrfthe  bin'abovp  the  rocks  forW  the  ' 
top  plenuhl-.  \  ^  '  '       .      •  • 

The  birr  should  be  sealed  be-fore  the  rocks  are- placed  to  prevent  air  ' 

-    ,  '                   ''^^       ^                 •  '  ^ 

lerak&^e.    This  is  accomplished  by  caulking  the  joints  with  an  epoxy  or 

.  ^    ;  '                                ^       .  ^    '  . 

other  sui.table' heat-resistant  compound.    Butyl  rubber  gasket  or  other 

heat-re^tant  material/can  be  used  to  form^the  seal  for  the  top  lid. 
?  •     1 1      '      '  '       "  .  * 

Ai.r  temperatur^T^re  nominally  ISO^'F,  but^'^hi^h^r  temperatures  of  ISC'  ' 

\\        '        '  .  • 

to  190°F  are  ioftietimes  reached.    Thus. sealant  materials  should  be  selected 

X  '  .  .        ^)  ' 

to  within  the  higher  tempe»?|ture0^     ^  '  ( 


Contginer.Size  and  Sha^e"^ 
* 

9 

s      The  r(ick  bed.'storage  shoul,d  We  sized  ,to  -provide'  50  to  TOO  pounds 
of'^rock  per  square '>6ot;J^^  normal  rock  densities  and  for 


12-14  ^  ^  . 

  o 

. 75- tp-1 .5-inch -sizes;  this  is  equivalent^ to  one-half  to  one  cubic  foot  ^ 
^'  per  sfluare  foot  of  collector.  •         '  *  . 

H       Ideally  a  rock  bed  shoulff  h^ve  a  short  disiance  from  inlet  to  outlet, 
with  a  large  cr<Jss-sectional  area  perpendicular -to  the  direction  of  air  » 
-  flow.  .With  a  large  cross-sectional  area,  the  air  ve-locity  is  low  and, 
coupled  with  a  short  travel  path  through  th'e  rock  bedr,the  pressure  drop 
fs  small.    The  smaller  pressure  drop  results  in  lowei^  fan  power. 

The  rock  bed  must  be  jdeep  eh^ugh^J:o  permit  stratif ica^tion.    A  minimum 
depth  of  2.5  feet  is  ^recommetrdecl.    In  order  to  have*  adeqcUtei  storage^" 
however,  the  volume  of  the  rock  bed  must  be  large.    To  »vpid  a  large 
cross-sectional'  ar^a  with  consequent  displaced  flopr  area,  a  larger  depth 
may  be  used.    When. rock  bed^  are  constructed  in  the  building,  a  depth  of 
about  five  feet  is  allowable. 

Figure  12-8  shows  representative  temper^tute  profiles 'as  they  develop 
throughout  the  day  for  a  typical  4.5-foot-highh  rock  bed  storage.    In  this 
figure, the  bed  is  assumed  to  be  fully  discharged  at  the  beginning  o'f  the 
day.  .From  this  figure'  it  can  be  seen  tha.t  a  2.5-foot-hiqh  bed^'will  , 
cause  high  outlpt„temperatur^  at  thg  bo^f'ojji  after  1  :D0  p.-ro. 

'When.^storage  is  not  fully 'di^jcfep?^  by  mornj-ng,  the  temperature 
'    proTiles  of  Figure  12-8  would  be  displaced  to  the  right /by  the  erid  of 
the  day.  I  A  five-foot  rock  bed  depth  can  therel^org  be  advantageous. 

•  Rock  Size  ^      *  '  '  ^  '  '        '  - 

Thje  rock  size  is  relatively  unimportant,  although  itTaffects  the 
'  ^pressure  drop  through  J:he  bed.*  -  The  rock  size  should  not  be  so  small  as 
♦  *to  reduce  flow  rates  significantly,  nor  so,  large" .that  the  interior  of 
Individual,  rocks  "is  never.heated.    It  is  recoimiended  that  rocks; 
.75  tQ  1#5  inches  in  size  be  used. 
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fll3TANCE  FROM  INLET    -  ' 

FigureM2-8.   Typical  Temperature  Profiles  irf  a  Rock 
Bin  Storage 
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Figure  12-9.  Pressure  Drop  Through  a  -Rock.Bin  with-' 
■   ♦    -3/4  to  1-1/2 -fi^  Rocks  ; 


'Rounded  rocks  are  preferable  to  Sharply  fractured  rocks.  Hdweve^, 
it  is  entirely  satisfactory  to  use  crushed  gravel  aggregates  nortnally 
-  used  for  concrete.  . 

>^Air  Flow  Rates 

The  fl^ow*  rates  through  storage  are  governed  by  the  ^pressure  drop 
through  the  storage  bed  and  the  required  fTow  rate  through  tbe' collector 
to  obtain  the  desired  temperature  rise.    As  noted- in  earl ier  modules, 
the  desired  flow  rate  is  2  cfm  per  square  foot^    Thus  the  storage  cross- 
sectional  area  shoujd  be  sized  to  keeff'the  superfioial  velocity  less  than' 
'about  25¥eet  per -minute.  -  The  superficial .  velocity  is  determined  by 
djviding  the  flow  rate  by  the  cross-sectional  area  of  the  rock  bed. 

Figure  12-9  shows  the  pressure  drop  through  a  rock  bed.  Suppose 
the  collector  area  for  a  system  i.s  700  square  feet.    The  flow  rate  is 
therefore  1400  cfm.    Using  a  guideline  for  storage  sizing  of  .75  cubic 
feet  j)er  sauare  foot  ofxollector  area,  the  volume  of  the  rock  bed  should  ^ 
be  525  cubic  feet  /  or  26  tons  of  rock. 

Air  .-fjov^  Direction  *  \  ' 

The  flow  direction  for  the  heat  storage  mode  should  be  from  the  top 
to.  the  bottom  of  the  bed.    When  rock  bed  storage  is  placed  in  crawlspaces, 
it  is  necessary^  to  direcf  the  flow  horizontally,    the  preferred  flow 
direction  i-s  from  top  to 'bottom^  ^  ^  .        .    *  ' 

When  heating  the  building  from  storage, the  air  flow  should  be  reversed 

to  take  aJtvantage  of  the  stratification.  Mf^e  rock  pile  is  4..5  feet  high, 

•  ^  _  *« 

then*.the  cross-sectional  area  perpendicular  to  the  air  flow  is  117  square 
♦  »  - .  ' 

feet,  which  is  provided  by.  a  10- foot  by  n.7-f4>ot  (say  ■12-afoot)  size.  The  ' 
-fjow  velocity  is  12.0  fpm  and  the  pressure"  drop  is  .05  in  W.G.'(frOni  V 
Figure  12-9).'      .  .  . 


12.17-  .  ,         ,  • 

■  *        *  '  •  ■  ' 

Superffcial  air  velocity  less  than  e^fpm  should  not  be  considered  ' 

'-•>>.     -  «  ■ 

because  heat  transfer  from  the  air  to  the  rbcksis  poor  and  the  crbss- 

$ectional  area  is  unnecessa/ily  l.arge.    Better  economy  is  realized  if  \ 

cross-sectional  are^s-^re  consistent  with  flow  velocities  through  storage 

of  about  15  to  25  feet  ^er  miniiteV  ^ 

^  C  ^  ' 

^FartxSize  and  Power  Requirements ^  ^ 

Fan  size  and  power  requirements  are  governed  by  the  pressure  drops 

throtigh  the  collector  and  distribution  systems'^-  when  pressure  drop 

through  the  rock  bed  is  kept 'smaller  than  0.1  in^^G.    Sizing  *of  blowers 

and  motors  is  therefore  determined  by  other  components  in  the  solar- 

heating  and  cooling  system. 

Container  Insulation 

'  Insulation  in  the  container  walls  need  not  be  excessive.    R-11  or 
R-19  insulation  for  the  container  should'be  adequate*'  Heat  losses  through 
container  walls  can  be  determined  by  the  procedures  outlined  in, Module* 5. 
The  overall  U  factor,  for  wood  container  with  R-11  insulation  is  about 
0.07  Btu/(hr)(ft2)(^F). 

Special  Precautions  -       *  , 

The  rocks  should  be  washed  before  placement  because  excessive  amounjts 

of  dust  would  clog  the  filter  frequently.    A  potential  problem  couldexisf 

with  cyclic  heating  amd  cooling  of  the  rocks,  which  could  cause'some 

thennal  j'fracturi  ng.  ,      .  ' 

JJi^h^the  evaporative  cooling  sj^stem,  condensation  on  the  rocks  can 

be  a  probl^6m  during  the  summer.*  Condensation  could  cause' mildew  and  odors 

./     •    '       '  •  " 
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TRAINING  COURSE  IN 
•    THE  PRACTICAL  ASPECTS  OF 
DESIGN  OF  SOLAR  HEATING  AND  COOLING  SYSTEMS 
,  FOR 

RESIDENTIAL  BUILDINGS    '  "  ' 
« 


MODULE  1^ 
•  UBORATORY 


SOLAR  ENEIGY  APPLICATIONS  LABORATORY 

COLORADO  STATE  UNIVERSITY 
.  -  "    FORT  COLLINS,  COLORADO 


53,0  . 


.    OBJECTIVE  ♦ 

At  the  end  of  this  module  the  trainee  should  be  able  to  make  measurements 
of  temperatures  and  flow  rates  at  sigr^ificant  locations  in  a  soUr.. 
system  to  determine  if  the  system  is  performing  as  desired.  ^ 

*  > 
•     .  INSTRUCTIONS  . 

« 

The  class  will  form  in  two  groups;  one"g'roup  will  design  solar  - 
systems  and  the  other  will  work  at  the  solar  houses, atnd  the  groups  , 
"will  exchange-assignments^  the  middle  of  the  afternoon.  The 

design  group  will  refer  to  Module  1^.  '   ,  J 

<  • 
The  groufJ  at  the  solar  houses  will  -further  subdivide  iTito^four  4  " 

groups  as  follows: 

Group  1:    Start  at  Solar  House  I  (entry)  ,  • 

Group  2:  'Start  at  Solar  House  II  (conference  room)  • 
Group  3f:  'Start  at  the  air  system  model  t)ehind  Solar  House  II 
Group--4*r  Start  at  the  water 'system  model  behind  Solar  House  I 
At  the  end  of  thirty  minutes  the 'groups  should  rotate,  with  Group~"4 
moving  to  the  "top  of  the  stack"  and  the  other  groups  moving  down  one 
slot.    This  process  is  to  be  repeVted  at  thirty-minute  intervals 'until 
each  group  has  been- to  all  stations.    The  procedures  to  be  folJxiwed^t 
each  stc^tion  are  described  below:  ,  — 


STATION  1,.  SOLAR  HOUSE  I  • 


The  group  will  be  given  ".some*  performance  data  for  some  selected 
.period,  .The  data. .will  indicate  a  problem. •  The  group  should  'fdentify^ 
from  the  data;,  the  source  and  nature  of  the  problem  and  prescribe  appro- 
priate action  to  correct  the, problem. 
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STATION  2,  SOLAR  HOUSE  II 

•  ♦ 

'Use  same  instructions  as  for  S,tai:ion  1,.' 


7 


STATION  3..  AIR  SYSTEM  MODEL  - 

*  The  groups  will  calculate  the  efficiency  of  the  collectors  over  a 
given  time  interval.    Each  group  should  determine  what  d^ta>  are  reqiiired, 
make  the  appropriate  measurements,,  and' then  perform  the  required 
calculations.  .    ^  .j?  ^ 


STATION  4,  WATER  SYSTEM  MODEL 

Use  same  Instructions  as  for  Station  3. 


,  f         *  ■ 

>    TRAII^ING  COURSE  IN  - 
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1  ,  ^  .  • 
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INTRODUCTION  %  , 


'TRAINED-ORIENTED  OBJECTIVES  '  \ 


At  the  end  Vf_this  module  the  trailfee  should  be  a6le  to: 
IV    pperate  the  iijteractive  F-CHART  program.       '  / 


^Zr    Perform  calculations  relative  to  a  solar  system  in/ 
.or  near,  his  ho^^oca^tion.  ^ 

•  .       .  INSTRUCTIONS  — 


"  •  *  The  groupithat  is  oa  c,ampus  v/i]l /take  .t(^s  at  operati^pphe 
tpteracti^ve  f-CHART  program*  An  effort  will  be  made  to  have  each 
person  operate  computer  and  obtain'results  that  are  ^  specific 
interest  to  the  trainee.  .  V'v 


^  / 


''^      » TRAINING 'dJilRSE/lN 


THE-vPRACTICAL  ASPECJ^OT.  '     ,  / 
DESIGN  OB!  SCl^^l?  HEATING  AND  CegilNG  SYSTEMS  . 

'   ■  '  ••       FOR  ^- 

•  'RESIDENTIAL  BUILDINGS" 


mULE'  15 
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15-1 

^    '      ^  INTRODUCTION 

The  only' control  for  solar  heating  and  cool  ing..#ystenis  with  which  ' 
,ac<:upar>ts  need  -to  be  concerned  is  ^he  thermostat  ill  the  buildiha. 
-  Howeveif,  there  are  many  important  control  needed  fqr  solar  systems  that. 

autoirratically  control  th^  puntps  and  .blowers,  valyes  and^dampers  ^  and 
^the  atDriJiary  s'ubsy^ms  to  collect   and  del  iver -the' heat  intp^' 
storage  and  into  the  .bOilding,    The  design,  function  and  sts'a-tegy 
of  the  automatic  system  controls  are  disouss&d  in  this  module.  ^ 


RAINEE  OBJECflVE'        *  - 


The  o.bjective  of  ihe  trainee  is  to  understand  the  function, 
.mechanics    ins'tallitiort,,  and  maintenance  Qf,contro,l  systems.  ' 


SlJB-OBJECTIVES 


At  th^  end  6f  this  module  the  trainee  should  be  able  to: 

1.  V  "Identify  control  functions 

2.  Urider.stand  control  circuits  * 

)3.     Recogn-ize  control -methods  and  hardware' 

4. ^     Specify  control  components 

5.  Install  and" 'maintain  .control  systems.  ^ 


.    CONTROL  FUNCTIONS' 


■IMPORTANCE  OF  CONTROLS" 


The  basic  functioVi  of  the^ontrql  -system  is  to  ensure  that  a' 
^maximum  amount  of  energy  will       collected  from  a  solar  system  to  provide 
the  required. heating  or  cooling  .load  to *the  structure.    Controllers  are  ' 


.•...}  .   .  •    ^     ;  • 

extremely  important,  in  a  so>ar 'hea'ting  and/or  cooliag  system.  There 
is' .a  tendency  for*a  great  deal  of -concern  for*  the  efficienqy  of  a  collec- 
tor  and  less  concern  'for  effectiveness  af  the  tonfrol  system.    The  net 
result  is  ceduceci  effectiveness  of  a  system.    For  example,  one  might 
spend  a  great  deal  of  money  for^  a  good  selective  surface  on  the  absorber, 
of  a  collector  to  /^ealize  an  improvprnent  ia  efficiency^,  of  appfox^imately  ten 
percent, v^hereas  carefully. designed  control s  could  achieve  that  fnuch  or' 
more  for  very'l  i^tle 'cost  and  effort.   /     \  ' 


COLLECTOR  CONTROL  STOATFGY   ,      ;  ; 

Most  controllers  at  prfesenT  are.on-/off  controllers,,  that  is, 
they  command  a  pump  to  be  either  on  of*  off depending  upon  certain  . 

'itions^.    The  typical  controT  stirategy  with  respect  to  controlli^ng 
the  flow  of  a  transport^medi  um.  irv  *the  col  lector  Joop*  is  to 'start  the 
collector  pump  whenevjsr  the  goljeciar  fluid*exit  tempe^^ature  js  qreajer,  by 
some  set  difference,  than  the  tajik=\temperat.ure  and  to  turrf  of f  the  ^    *  ^- 
collector  pump  whenever  the  collector  outlet ^tempe-rature  approa^ches  * 


-  .  ■  V 

'  the  tank  temperature©.  *  Th^  temperature'  difference  to  start  the  flow  x" 

'   %  '  .  .    •  "'V     •  '  0 

is,  nominally  set  at  20    F  and  to-5top  the -flow at OrA^f. 

As  a  specific  exampl ef  >suppose.  tli^t%,ttie- stprage "temperature  is 

120  ^F  and  the  col  lettor  tempgrature.  is  50.  °F  VhenV-the^  su|i  rlses-.^ 

The.  collector  temperature  will  gradually  increcise, and  when*  it  reaches 

140  °F  the  control  1  ejL  wi'lil' stdrt  the  jfcoHec4:or^  pump  (assuming  that  . 

"    .  .  V-     ,  V     ;  .  '       -  ^  , 

the  storage  •  temperature  is\120-;^F).   .Thpri  i  n«  the  .afternoon*  as  the' sun 

•    begins  to  set, the  collector  temperature 'Will 'begin .to  decrease.  Suppose 

that  the  storage  temperature  has'-reached  150  ^F  tjy  3:30  p.m^.  When 

the  collector  temperature  decreases  to  153  ^F  the  controlOer^Will  'stop 


the  collector  pump.    The  temperatures  sensed  by  the  sensors  depend 

J        '     t  *  * 

upon  their  location  .in  the  system,.  ^'  '         ^  . 

Ratio  of  ^Temperature'  Differences.         -  ^ 

4  4  *  »  ♦ 

If -the  temperature  sensor  for  the  collector  is  located. at  a  point  ^ 
such  that  the  senJor  is  rapidly. cooled  by  the  transport  mediuip,  the  result 
can  be  that  the  collector  pumps  will  cycle  on  and  o^f  repeatedly.-  this 
-cycling  can  also  accur^i'f  the  difference  between  the  temperature  to 
start  and  to  s to p-tte  system  is  not*  properly  selected.    The  ratio" 
between  the *dn-to-off  temperature "differences  should  be  approximately  ' 
fiv-«  to  seven.    In  the  example  given  in  the  preceding  paragraph,  the 
startirfg  temperature  difference  wss  .20  °F  and  the  stopping  temperature 
difference  wa's^_3    F.    The  ratio  is  slightly  less  than  seven.    A  larger 
value  for  this  ratio  wi  11^  reduce  the  total  energy  Col^ect^by  the'system; 
while  a  sifialler  value  will  cause  cycling. 

\     ;  * 

Freezing  Protection  •  " 

Some  controllers  are  designed  to  -incorporate  an  aquastat  to 
compare  temperature  of  the  transport  medium  with  some '.preset  temperature  ; 
such  as  the  freezing  temperature  of  water.    Then,  if  the  tempera tur'e  of  the 
fluid  -in  the  cajlector  approaches  this  preset  temperature,  the  pump^ 
are  automatically  started  to  circulate  the  fluid  or  to  heat' the  fluid  ' 

from  storage  .in  order  to  prevervt /eeezing'.    This  is  rrot  a^reconiiiended   -  - 

*  ♦  •     '        '  ' 

pt?otection  measure  against  freezing, because  if  there  is  a  power  failure 

during  cold' weather-,  the  pumps  will  not  operate  and  the  coTlectors  can 

freeze.    It  is  p'refjl-red^to  use  an  antifreeze. solution  in  the  collector 
Innn  -  '>      -     .  v 


15-4 


Two -Speed  Pump  *  4^  /  ' 

A  two-speed  punipjjiaj(J^  considered. as  a*possible  Way  regulate 
the  temperature  rise  I'n^  the  collector  to  improve  collection  efficiency.  ■ 
By  changing  to  a  slower  flow  rate  during  periods  of  low  solar  insolation, 
the  sysl'em  will  collect  heat  at  useful  temperatures,  whereas  with  a  high 
flow  rate,  the  temperature^ of  the  fluid  at  the  collector;  outlet  would  be 
low  and  the  control  -would  stop:the  collector  pump-^^'/hen  the  solar 
radiation  intensity  is  high,  the.floy  rate  can  be  iAcr^ased.    The  fluid 
temperature  would  be  reduced  because  of  great'^r  flow,  and  the  collector  . 
-will  be  more  efficient.  ,  -  • 


CONTROL  SYSTEM, HARDWARE  .  .  ' 

^      The  solar  system  controls  xonsist, of  px)wer  relays  which  switch 
electric  valves  and  pumps^  in  th.e  liquid  system,,  or  blowers,  and  dampers 


in  the  air 


sy stem, and  au:|piary  heatV9  uiiitl  Jh  both  systems,  in  response 


to  temperatures  or  tempera.ttjre  diff^nences/   Controls  for  solar  systems 
fundamentally  sefve  the  same  functions^  as  ^conventional  HVAC  controls-; 
ho^^er,  there  are  more  control  functipns-in  'solar  systems, and  ajso  there 
are  "interlocks'*  which  preveat^indes-i rabid' or  hazardous  sequences  of  operation. 
A  solar 'system  "suppl  ier  should  pj^ovicte  the  required  control  hardware 

or  at  least  specify  it,  along  with  exglicit  wiring!  instructions .  Building* 

'  .  .  -4         *  ^  '  #         ^  ' 

a  control  system  , at  the  site  should  be  avoided  unless  ^xperi^nce  m  this 

^        ^  *  *  •* 

practlcfe  is  avaifable.      \      C  ,     i       ,  ,    .  .  ,      \  ^  '  ?^ 
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•  THERMOSTAT  .  •  '  *  * 

 7  

A  two-stage 'heat,  indoor  ttiennostat  is  recommended  for  residential 
.solar  heating  systems,  and  a  two-stage  heat,  one-stage  cool  type  is 
recommended  for"  solar  heating  and* cooling  systems.-    VaViations  wilUfeature 
"on",  "off,"  or  "automatic"  fp\  control  to  circulate  the  roOm  air,  and 
"heat",  "cool,"  oi;  "autoinprfic"  switches  from  heating  to  cooling  or  vice- 
versa  to  meet  the  need.         ^  '  ^ 

When  cooling  is  reqljired,  the  single-stage  cooling  provides  indoor 
space  temperature  control.    There  is  a  ^ad  band,  which  is  a  small  range  \ 
^in  temperature  ^between  start  and  stt)p  signals  given  to  the  control  l-er 
Which  in  turn  controls  the  cooling  system.  ''The  dead  band  for  most 
thermostats  is  almostS    F.    The  heating  operation  is  a  bit  more  complex,\. 
Upon  demand  for  heat,  the  first  stage  calls  for  the  solar  system  to      '  " 
provide.heat.    If  the  buildii^q  heat  .loss  is.greater  than  the  solar  system 
can  provide,  thfe  temperature  in  thfr-buildi-ng  wnl''coritinue  to  drop  to 
stage  two  and  the  auxiliary  'system  will- be  cajled  upon'  to  provide  heat. 
The  au^pary  system  can  proviUe  ,suff ici^erit  heat  for  t!^e  building  by  itself',' 
or  in  combination  with  the  solar  system  to  raise  the  temperature  in  the  r»om 
to  the  upper  temperature  limit  of  staqe^  one' whicti  stops  the  heating  system. 
The  upper  temperatui^^  dead  band  is  nominally  about  2  °F.  '  '  ' 

The  thermostat  is  the  only  control  wi'th  which  the  o'ccutjarvt  needs  to 
be  concerne(^  Once  thc^occupant  sjts-  the  winter  comfort  control  level  to, 
say,  68  °F,  and  £he  suiimer  comfort  level  tOv-say,  75^°F    (or  other  suitable 
temperatures), he  should  not  have  to  selector  adjust  any /)ther  corrtrol  in 
the  heating  and/or  cooling  system.  •  '  , 
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TEMPERATURE  SENSORS 


There  .are- many  types  of  temper^fture  sensors  that  can  be  used  in  the 
control  subsystem  such  as  thermoeoupl es ,  thermistors,  silicon  transistors, 
,bimetalljc  el-ements  and  liquid  or  vapor  expansion  units •  Bimetallic 
elem^fi^  and  liquid  or  vapor  expansioii  up4ts  are  seldoijfi  used  because  other 


ipe'rature 's 


temperature 'sensors  are  more  dqrable  and  dependable.    Thermocouples  are 
frequently  used^ for  ^temperature  measurement.    Kowpver,^  they  .are  not  . 
often  used  in  jiontrols  because  the  voltage  output  is  low,  in  the  millivolt 
range,  and  without  amplification  the  voltage  is  insufficient  to  be  used 
'  in  controls.'  *     '  . 

Thermistors  and  silicon  transistars  are.  used  in  the  control  subsystem 
because  -the  voltage  outputs  from^  these  sensors  are  in  the  0-lQ  volt  range 
a^d  are  high  enough,  to  serve  the  coptrol  functions.    The  voltage 
^outputs  from  thermisto^s  are  non-linear,  and  cal  ibratioO' circuitry  must 

be^ provided  for^ the ^non-linearity.    The  voftage  outputs  f«om  silicon 
vtransistors  are  linear  in  the  nprmal  operating* tfemperaturelrange  of  solar 
heating  and  cooling  systems,  ^ind  provide    for  simpler  circuitry  io  ^ 
contro.l  the  system.  ' 


Location  ^  '  .  ^  .  '  %  .  /  '  ^  -  •  • 
  «  ^ 

•The  locations  of  temperature  seniors  are  not  parficlilarjy  critical , 

,  — ^ — ^  >       ^         '  « 

but  there  are  some  preferred  locations^    Tenjperature  sensors  are  Required. 

to  measure  the  air* or  liquid  temper^^ture  as  it  exists  f rem".  tTie  collector,^ 

in  the  solar  storage.tank,  or  rock  bed,  and  in  the^preheat  water  tank, 
«  * 

The  sensor  in  the; conditioned  space  is  the  thermostat. 


.  '       ^         "  15-7  '  - 

•    The  sensor  which, measures  the  fluid  temperature  at  the  collector 
cutlet  can  be  located  'in  the  manifold  which  collects  the  fluid  from  the 
.total  array, of  collectors.'  It  is  preferred  that  the  seosor  be  in  contac^t 
•■     ■   with  the  fluid,  but  it  is  acceptable  for  the  s^i^sor  to  be  in  contact  with 
the  pipe,  provided  there  is"  good  thermal  contact  of  the  .s-ensor  wit.h  the 
pipe.'  L£_ilie  sensor  is  attached  to^the  outside  of  the  outlet  pipe,  the.  ^ 
sensor  should  be  well  insulated  so  that  it  does  not  lose  the  heat  to  the 
surrogndings  and  register  a  ;iow    temperature.,  'It  is  important  to  locate      '  • 
.   the  sensor  near  the  outlet  so  that  it- can  register  the  fluid  temperature 
when  the  sun  is  heating  the  collector'  but  the  fluid  is  not  circulating. 
Sensors  in  the  outlet  manifold  will  register  the- increase  in  temperature, 
but  .the  sensor  located  far  from  the  manifold  will  not,  and^  useful  energy  ^ 

ected.    Wherever  the  seasor  is  located,  the  characteris- 
tics shoijld  be  checked  out  whlri  tlie  system  is  put  into  operation. 

The  sensor  in  the  storage  tank.' s'hould  be  located  near  the  bottom 
third  inside  the  tank.    When  there  is  no  fluid* circulation,' the  temperature 
at  the  top  of  the  tank  will-be  sl-ightly  higher  than  the  bottom,  but  while 
the  f]uid  is  in  circuration"^  the  fluid  in  the  tank  is  usually  well  mixed  and  the 
temperature  will  be  uniform.     ^  —  "   ^  .  ^ 

^   %'        ^  TT^e  location  of  the  sensor,  in  the  preheat  tank  sh'ould  be  near  the  - 

to^  one-third  of  the  tank.    If;  it  were  located  near  the  bottom,  the^enipera-  ' 
ture  at  the  top  could  be  several  degrees  hotter.    Also,  when  hot  water 
is  used  in  the  household,  cold  water  enters  the  preheat  tank, near  the  bottom. 
Wh^ile  the  preheat  tank  would  be  thermally  mixed  when  the  pump  Ms . started , 
frequent  cycling  could  result  from  the  sensor- registering  locally  cold 
water  temperature.    For  an  air  system,  the  cycling,  is  not  particularly 
harmful  becaus^nly-^obe/pump  fpr  the  4ijseheat  cycle  is  involved..  However, 
for  the  hydronic  system,  two  pumps  wil\  be  put  fnto  operation ,*  and 

W£  ■  •         '  544   ,'■      -.  ,        •      .     .  . 


m 

..1S;=£^  '    *  A 

'frequent  cycling  can  be  wasteful  of  electric  energy.    In  both  air  and 
liquid  systems,  more  heat-would  be  lost  than  necessary  from  the  .gTpes  and 
heat* exchangers  because*  of  frequent  cyyling/  . 

The  sensor  inr  the^  pebble  bed  should  be  located  at  the  bottom  ^ 
(or  outlet)  end  of  storage.    When  heat  is  being  stored,  ±be  bottom  (or  outlet) 
end  of  storage  wil  T  determine  i.frs-t-erage  is  "ful  1".  *   .  ^    ,  .  . 

CONTROL  PANELS    '     .  .    /        '  ^ 

Usually  a  .centraj  control  panel  is/convenient  to  consol  idate  the 
circuits  and  relays  that  provide  the  control  functions.    The  pane]  wduld 
house  the  relays  and  provide  for  ^ome  adjustment  of  the  temperature  limits. 
It  is  best  to  acquire  a  control  panel .from  the  solar  equipment  manufacturer 
as  a  prewired  unit  to  serve  the  system.    All  that  needs  to  be  done  with 
a  prewired  control  panel  is  to  connect  the  ten^erature  sensors,  and  motor, 
\auxi  1  iary ,  and  valve  and'damper  controls  to  the  proper  t^'rminals  in  the  i 
control  panel.    The. manufacturer  wiM  provide  the  necessary~R6olGaip 
instructiSfis ,    The  power  .for  the  control  panel  will'  usually  be  household 
115-volt  sing}e-phase,A,C'^  1  ine  power.  ^  ^ 

\  * 

TYPICAL. CONTROL"  SUBSYSTEMS 

'  '    AIR  SYSTEM'  '      ■    ;     .  .  ^  *  _  - 

A  sketch  of  a  typical  configuration  foran  air-system  is  shbwn- 

in  Figure  15-1.    The  teniper^atur'fe  •  sensors  are  indicated  ^byJ^. ,  T^^,^ 

.Tc  and  T^^    T  .  measures  the'coMector  inlet  .faiirferature,  measures 

o  L         Cl  *  ,         \    '       ,J  CO 

\  the  collector  outlet  temperature, " T^  measures  the  storage  temperature, 
and  Tj-  measures  the  enclosure  temperatu)4^^  BD-1  and  BD-2  regresgnt 
backdraft  dampers,  D-1  and  D-2  represent  manual  dampers,  and  MD-1  and 

•      545      .    •      *  - 
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Figure  15-1.    Schematic' Diagram  of  Solar  Air 
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MD-2  represent  motorized  dampers.  The  function  of  the  control T^^-^-S"-^'^' 
to  operate  the  blowers  and  the  motorized  dampers  to  collect  and 

*  a 

distribute  heat  for  the  house.  "  A  flowchart  of  the  control  strategy 

is^shown  in  Figure  15-2.  '    .     ^  - 

i  * 

The  first  decision  to  be  made  by  the  controller  concerns  whether 
or  not  the  house  needs  heat.    This  is  determined  bi  cpmparing  the  actual 
temperature  with  the  desired  temperatur^e.    If  the  temperature  measured 


4 

by  the 'temperature  sensor  in  the  house  indicated  Tffat  the  house  does 


 ^  •  •  '  ,^^3 


not  need  heat, then  the  controlleV  must  determine  whether*  or  rjpt  heat 
can  be  stoced.    This  j's  determiji^d  by  compari'ng  the  collector  inlet 


CO 


temperature,  T^^,  with  the  collector  ofutlet  temperature  T^^.    If  T 
is  not  greater  than  T^^^then  obviously  there  is^  no  hesLt  bei'ng  collected    '  . 
by  tne  collector  and  we  would  not  want  to  circulate  the  air  through  the 
collectors.    If  T^^  exceeds  T^^^then  there  is  useful  energy  available 
and  trte  controller  will  turn  on  the  bloweV  and^the  hot  water  pump 

.and  control  the  dampers  to  direct  the  flow  through  the  ^^orage. 

If  the,  house*  requires  heat, then  the  control len^must  determine 

^whether  tha^t  heat  can- be  supplied- from' the  collector 'o>"  from  storage. 
These  determinations  are  ag^in  made  by  comparing  temperatures.  If 

T  .ns  not  greater  than  T^.  Jthen -obviously  we  cannof  supply  the  heat 

"  CO  ^  ,  - '      *  *  ^ '  /  '.     ^  '   ,        -       i       /  *  -*  '  / 

from  the  coll ec tor rtherefo^e,  the  next  queslibn  ^^o  be  Itsked  is,  can^    -  ' 
the  heat  be  supplied  from  storage?    This  Is  Uetermfned%by  comparijig  the 

starage  temperature,  T^,  with  the  reference  tempera tureVt^j^,  whifef]  is* 

^    .  0    -        -      '   /  .  '  ^  ' 

nomtnally  set'at  100    F.    If  T^os  not  greater  than  T     then  we  can 

not  heat  from  storage'^  if,  however,  T^  exceeds  T^^^^then  the  controller  vyil1 

•V  ft. 

turn  on  the  blt)wer  and  control  the  dampers  to  direct  the  flow  through, 
the  storage'^'bffntai ner  and  to  the  house  by  providing  heat  to  vthe  enclosure. 


'  547 


NO 


TURN  ON  BLOWER 
AND  HOT  WATER 
PUMP  . 


TUI^N  ON  AUX- 
'  mm  HEATER 


YES 


YES- 


TURN  ON  ' 

s  b'Ibdwer  . 


-TURN  ON  BLOWER 
m\3  HOT  WATER 
I^UMP  ' 


CONTROL  DAMP-. 
ERS  TO.  DIRECT 
FLQW^itlROUGH 
STOTWGE  &  HOLfSE 


YES 


<-  .1 

1 

i. 

-    TURN  "ON' 

-  -AUXILIARY 

/'HEATER 

\ 


CONTROL  DAMP- 
ERS TO  MRECt 
FLOW  THROUGH 
STORAGE 


CONTROL  dAmP.- 
\m  TO  DIRECT 
FLOW  THRU  COL- 
LECTOftS^& 
HOUSr  HEATING 
DUCTS 


D0ES 
HOUSE 
ViEED  MOJ^EX, 

^\h'eaj 


NO 


YES 


.  "hTURfl  ON 
AUXILIARY 
.HEATER 


NO  CHANGE 
 r 


Fic|ureJ5-2,   '^1  owj Chant- of.  CMtrol  Strat'fg> 


"    *      '     "        .  15-12  ^  ^h-^' 


.It  is  possible,'  of  cpiirse,  that  t?he  enclosure  temperature^ may  continue,.,  \ 
tTTdecrease  due' to  high  heat^lo-sses  ferom  the  house.;   If'the  enc^sure, 
temperature,  T^,  drops  below >th^yfiif^erice  temperature', ^f^^ 2  ^^^^ 
it*"  is  clear  that, still  more  heat  fs.  required.    Ip'this  case  the  ,  . 

controller'will  iurn-on  the  aux-iliary  heater. x       ,   ~^  v- 

the  controller  determined  that  heat*coul-d  be  suppl  ied*  from' 
the  collector,  that  is,  T     is  grea^ter  than  T  ^,  then  the  controller 
will  turn  on  the  blower. and  the  hot  water  pump  and  .control  the  dampers 
to  direct  tjie  flow  through^  the , col  1  ectors  aVid  then  to  the  ht^se  heating 
ducts.    It  is  still  pos^le  that  thii  may  not  supply  adequate  heating* 

to  the  house^and  consequently  the  controller  must  toippare  the  enclosure, 

*  ,  *  S  .  •  • 

temp.eralftrp  wit4i -the  second  reference  temperature  to  determine  v/hether  ' 

\  '  *        .       '  '        ^  ' 

or  not  the 'auxil  iary  heater  must  be  turned  onf.       '  <^  . 

The  nex^|^e[)  required  in  .t;he' des^ign  of  a  control- system'  is  to 

constrljct  a  trmh  table  for  the  control  ^strategy  just  'described-<and 

represented  in  F.igure  15-2.    K  truth  table  .for  this  system  is  shown, 

in  Figure  15-3.    The  left-hand  portioo-of  the  trutb^^Ve  shows  the 

temperature  comparisons.    An  fehtry'ofRLin  the  truTIr  table  indicates 


that  the*  statement , is  true^whereas' a  *^ro  represents 'a  s^i^uation  where 
it  js  npt  frue.   -For  exampl.e,  if       is  Mss  thaniilTj^'j theg^  a  one  would  .\ 
be*  entered  in  the  first  cfillimfl  fn  »the  truth  .table.    The-k*s  represent  * 
the/'don't-tare*  situation.    Th6  middle- portipn  of  the  truth  taljle/shOws 

■  ■  -       •        ■     .    ^  ■ ;  .  '      ^  » ■ 

the  vanoijft  operations.  .*For  example*,  a  1  in  the  B  ^.    calumn  woutd 
w         ,  .  ^       I  ni3 1  n  • 

0  Ci%^'<         '  «  ^  ^  r     ^  ~ 

indicate iiihat  the  main  .blower  is  turned  <ni,  whereas  a  ^erp  would  irtdicate 
that, the  Slower  is  turnfed  off.    Also, a  1  entry  in^the^  MDj  column  would 
indicate 'that  port  A. on  motorized  damper  number  one  is  open  and  port  B  ' 
on  motorized^damper  number  one  j's  closed*    Tire  right-hand  portion  of  the 
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•.truth  table  indicates' the  mode  of  operation.    For  exaijiple,  consider 
the.fi rst  lijie  ^in  t'he  t^puth  table.    This  line  corresponds  tp  the  mode 

where*  the  hejit  wouW  be 'supplied,  from  t'he  storage.  Suppose'that 

*  ft  ^        •      •  ^  ^ 

is  less:  than  T|^]  but  greater  than  Tr2-  then  we  would  enter  a  one  in 

the  first  column  and  a 'zero  in  the  seconcL  col umn .    Suppose  furthermore 

.  '  XhH  T     is  not  grieater  than  T^.;  therefore  we  enter^a'zero  in~  the 

'  ^  •  *  ^  m 

taird  column.    Suppose,  however,  that  the  storage  'temperature,  T^,     '  ^ 

is  .greSi^er ,thap  the>rQfjereiice  temperature,  Tsr^  we  would  want  the 

contrbfler  to 'turn"  oa.the  b.lov/ers  and  direct  the^flow  through  the 

Storage' to  ^the  houSe.,  this  fldw  1s  directed  by- control  1  in9  motorized 

*     dampers  oTie  and^£wo.'   When  the  blower  comes  on  it  will  draw. air  into  t^e 

'   return  ain^^dqc^s sJ^own  in 'figure  15-1,  through  the  fjlter,  through  - 

'   back'draft  damper  number  on-e',  and  then  ihto.  the  lower  plenum  on  the 
^    '       '   : '  '  ^  •       .  ♦  •  •  .  ' 

/     s'torage  unit.^  The  air  will  then  flow  up  through  the^  storage  unit,  being 

heated  in-the  process,  and'ex'it  the"  storage' unit  at  the  top  of  the'plehum 

;  At*  MD,  we  iBu^t 'tia^^l/B^^-epi^       A  cTosednn  order  that  the  flow  can  rea^h 

^  * 

the  main  blower.  \Jhe  air'^will  exit  the"  mai;i  blov/er  and  go  through  MD^f' 
'  ^at  Miy^  we.  mus.f'have  A  open"  atid  &  closed  ir>  o^der  that  ^jj;i*e  flow  of  air  •  \ 
.  be  directed  to  ;the  supply  air 'ducts.    Since^it  was  assumed  that  Tr.was 
ggeatel"  than  1^*2'"'^^*'^'^^  "^^^  ne'cessary  .that  th^  auxiliary  unit  be  jturhed 
orV^apd  -therefore  at  zer^  is*  enterjed  ^'n  the  ga5.  column  Jn^the -truth 
table.    Also,, since  the  selectors  arfe/rtot  being  opera.tg^d,  tlie  hot-* 
water  pump  will  not  be''  ti/rn-ew^^n^^  is^  a  zero  enterecf  " 

in  the  [IWP'CoTumQ  af  fehe^'trutti  talil%.  ^The  Remaining  modes  af  operation 
shown  on  the  flow  chart  ^of  the  tontroT  strategy  are  ^il  lustrated  i*n 
the^ruth  table.        "      >  *  •    >  / 


*  15-15  ■    .  -     '  • 

The  next  step  required  i n  the  design,  of  ^he  control  syf^nv  is-to 
select  hardware  tcj'mpjVmenT:  theilpgic  §hown  pn  the  truth' tabVe.  The 

•symbols' at  ,the  top  of  the  middle  p^ortion  of  the  tr;uth  table  represent- 

*  *  "    -  # 

itie  logTc  that  is. to  b^  implemented;  for  example,  aiOye  the  B'   •  -  " 

ma  1  n 

columrr  we  observe  the  notation  1  +  3,    This  indic&tes  that  the  main 

blcTwer  is  'tflbe  turned  op  v/henever  there  is --a  1  in  coTumn  1  or  a  1  in 

crmimn-  3;  similarlp,  the  auxiliary  blower  is  to  be  turned  on  whenever 

there  is  a  1  in  column  h  port  A  .on  MD,  'is  to  be  opened  whenever  tHer^ 

^  ^ 

is  a  1  in' colQmn  3^«p6rt  A -o/i  .MD^  Ms-  to 'be  opened  whenever"  t^here  "is 

j.qnd^  the^gas  is  fo  be  turned  on,  whenever  there,  is  a 
1  in  columns  Tand  2  or,  a  1  in  column  I  arid  a  zero  in  columns  3  and 

A  circu-it  diagram^^^joV/ing  discrete  compbaents  that  may  be  used,  to' 
implement  the  controT'lbgic  just  develop*ed  is  shown  in  Figure  15-4.^/ 
The  comparators  'shorn  on  the  left-hand  portion  of  the' figure  compare  / 
the  various  temperatures  tliroughout  the  system.,   these/signals  are  tHen 
sent  through  AND  gat^s>  OR  gates,  and  inverters  in  order' to" generate 
the  signals. that  are  sent  to  the  motorized  dampers,  the  Blowers, -^and 
the  auxi^liary  unit.  /  v    -     *.    ^  • 

Thg  sol^r  system  designer  weulcj  not  orliinaniTy  concern  himself 
with  this  Tevel  of, detail,  but  would  pui^chase  a.gontrol  uni't  t/at  / 
accomplishes  the  aboye-descr'ibed ,ta.sks;  it  is  important  tha4:  the  design 
ancf  the  *ijr^stal^er  underhand  the  functions^* of  the  control  unit*  1n  ordep^ 
;to  properly,  conduct  sys'tem  check-out  studies  arrd 'ensure  that  the  .sola K 
system  operates  as  desired.  /  " 
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HYDRONIC  SYSTEM  ^     .  - 

  .X 

A  sketch  of  a  representative  hydronic  installation  is  shown  in 
Figure  IS^B.    The  temperature  s^ensors  are  indicated  by  SI,  S2,  S3 'and  S4. 
TJie  signals  from  these  temperature  sensors. are  sent  to  the'ControK 
pahel  in  order  to  control  the  pumps,  labeled*  PI  through  P5,  and^  the 
'C^alves,  labelled  VI  and  V2.    Whenever  the  temperature  recorded 'at 
SI  'exceeds  that  at  S2  by  a  'preset  amount,  then  the  control] ei; 
starts  pumps  PI  and  .P2  and  fieat  .is  delivered  to  the  storage  tank. 
Also,  whenever  the  temperature -at  S2  exceeds  that  at  S4  by  a  preset 
amount,  the  controller  will  st^t  pumps  P4  and  P5  and  heat  is  supplied 
to  the-serviee  hot" water  preheat \tank.    Finally,  whenever  thermostat 
S'3  indicates  that  tl^e"'boase  requires  heat,  pump  P3  is  started.. 
The  heat  is  supplied  either  from  the  storage  tank  or  from  the  auxiliary 
boilea>  depending  upon  the  temperature  of  the  water  and  the. storage 
.^ta'nk.    If.tbe  storage  tank  temperature  is  not  high  enough,  then  the     •  - 
controller  will  set  valves  VI  and  V2  so  that  the  flow  is  through 
the  auxiliary  boiler  and  the  auxiliary  boiler  is  j^urned  on. 

The  control  for  the*  pumps  fgr  the  service  hot  water  system 
oper'atesM'n  a  manner  similar  to  that*  previously  described.    "Bhe  sens.or 
5|  senses  the  temperature  of  the  service  hot  water  in  the  preheat 
tank.    Jhisjis  comp^J^ed  with  the  temperature  of  water  in  the  stora-ge  - 
tank  and  with  a  preset  maximum  value,  for  exa^iple  150  ^F.    When  the 
ferfiperature  in  'the  storage  tank  exceeds  the  tehiperature  of  the  water 
in  the  service  hot  waiter  preheat  tank  by  approximately  10  °F,  thea 
pumps  •P4  and  P5  will  be  Started- unless  the^teraperature  of  the  water 
in  the  preheat  tank  exceeds  150  °F.    We  «do  'not  waat  the  water  in  the 
preheat'fank  to. exceed  150      in  orders  to  prevent  scalding^^ 
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CONTROL  LOGIC,  HYDRONIC -SYSTEM  ."       ^    .      ,  -         '  ' 

A  schematic  represervtatioa  of     tontrol  logic  for  a'typical  .     .   -  ,= 
installation  is  shown  in  Figure  15-6.    The  system' diagramrtierd  in  Figure  _ 
15-6  operates  as  follows:    The  sign^al  from  SI  is  th6  temperature  beiiig. 
.measured  at  the  collectors,  while  S2  is  the  temperature  in  the  storage 
tank.*   The  signals  SI  and  -S2  (-S2  is  obtained  by  passing  th€  signal 
S2  through  an  inverter)  ar^e 'combined  in  the  Summer  \o  produce  jthe  signal 
S1-S2.    This  is  compared  with  T^^^  ^  in  the  comparator  in  ord^r  to 
determine  whether  or  not  the* temperature  of  the  fluid  coming  out  of 
the  collector  is  high  enough  to  juslify  tur-ning  on  the  pumps'to  collect 
and  store  the  heat.  As  indicated  earlier,  this  difference  should  be  about  20 
When  this  happens,  the  logic  si gna.l  from^h? comparator  is  hig^h  (+  5  volts)- 
and  this  sets  the'f  1  ip-flop,  which  1n  turn  will  turn  on  pumps^l  and  P2. 
These  pumps  must  be  turned  off however;^  whenever  the  difference  between 
the  collector  output  temperature  and  the  storage  temperature  ceas^es 
to  exceed  approximately^  °F.    ;n  order  to  achieve  this,  the*?tignai;- -     \^  . 
S1-S2  is  compared  with-T^^^      then,  inverted,' and  then  sent  to  the  "  ^  . 
reset  input  of  the  flip-f:ipp.    The  operation  of  the >flip-flop' device 
is  such  that  wKen  R  is  high^.the  flip-flop  d^vice  wtll  send  a-logic^ 
off-signaT  to  pumps  PI  and  P2:    fherefore,' when  the  col*le[Ctor  tempera- 
ture^minuST  the  storage  temperature  is  les5  thalT/l  °F,  the  output  of 
th^  comparatc^r  wall  be  lowt  and  consequently,  the  R  input  to'^the^^  "  j 

flip-flop  will  be  hig^;and.^s  will  turn  of(  the  pumps. 

The  qontrol  system  .for. supplying  heat  to  the  house  is.  shown ^on 
1;he*  bottom* part  of  Figur6.15-6.    Thermostat  S3  senses  the^temperature 
in  the  house,  T^/^  g  represents  tha  lowSr.part  of  the  dead  ^bani^  and*  . 


'on  t 


^ref  6  ^^^P^^s^i^ts^^the  upper  part;of^the  dead  band.    Whenevef^the* house. 
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,  Figure  iS-'B.    Schematic  Diagram  of-'the  CoTltral  Logic  for^a  Typical  Installation 


temperature  drops'  below  t^'^^  g,  then  pump^  P3  is  starred.    This  may- be 

^  •    -  *  ,t  * 

accontplished  ^by  comparing  S3  with         s^a^s  shovyn^.  then  inverting 

the  output  of  the  comparator,  and  then  sending  the  signal  to  the  selii^ 

inpL^  of  the  'flfp-'fi^.    When  -the  temperature  1n  the^ho^e  ^f^aches 

the  upper  .part  of  the  dead  band,  the  output  of  the  second  comparator 

will  be  high,  which  in  tarn  will  cause  the  flip-flop  device  to  reset  ^ 

"  '     ^/  * 

-'itself  to  turn  off  pump  P3.   .Fiji'ally,  the  Valves'  VI  and  V2  are  controlled 

.  ^  '  '  •      X         I     /  '    '  '  , 

by  the 'outfHJt  of  the  cpmparator  that  comparp^s.  the  temperature  of  the 

watey  in 'the  storage  tank  with  T^^'^  ^.    If  the  storage  , tank  temperature 

.dfrops  below  T    r^,  thQn  yalve  V2'wilL  direct  the  flow  through  the 

auxiliary  boiler.,   The  auxiliary  boiler  is  to^be  turned^on  only  if  ' 

^pymp'P3.is  on  and  S2  is  smal^r  than  T^^^.s-'^  This-1s  dccoufnpil ished 
^-    ,  •  '  /•  .  ^ 

by' passingj  ttie  two  s*ignals*through -the- gate  as  shown  in  Figure  15-6. 

«  »         ^     .    •      »       '      '  '  . 

*     '    -  '      >  CONTROL  ACTUATORS    '  .  '  ^ 

•  *  The  pumps','^  blowers,,  valves,  a'nd  dampers  are- referred  to  as  thereon- 

'  tro^actuators  aj^;  produce  the  desire'ci  mechanical  ^operation  in  i^esppnse 

to, the  el^cjfrrical  .control  signals.    Pumps 'Jrld  blowers  arte  wired  through 

""m^lial /.switches  from  the  control  panel.  'THe^witch  refif^s  on;  it  is  a^ 

^safety^feature^^nd  may  even  be  requires  in  the' ele^:tr1cal  codes.    The  , 

.  switches  are  to  be -placed  near  tM^oJors  and  hot 'at  the  control  paneU 

•*    '  Control*  valves*  and  clampers  usuall-y  require'' some  mechanical  a(Jjustr 

ment  for.  prop$f  setting.  The' best  practice  is  to  use  spring-return  two^ 
'    .     •  ^  ^  \  ^  \-   •  /•  -    '     .     *  . 

•  position  dampers  6r  valves  which  are  ia  the  ''no'nn1n\  p'r  most  coowor]  .  ^ 

pnsitloru'When^npowered.  -  ^  .   •       ^    '  .  r 


*  •     .  -        •    15-22.  .  <# 
-    \   .AUXILIARY  HEAT  C{)NTROL  /  . 

*  '  «    * 

The  controls  on  a  cqnveWtional  .boiler  or  forced  air  furnace  must  be 
chj^nged  for' solar  auxil iary  purposes.  'This  is  because'the  blower  or  pump 
must  be  actuated^  from  the  control  panel  and  not  the  auxiliary  control*. 
Typically,  the  control  panel  wiU'produce  a  second-stage  thermostat 'signal 
to  activate  an  auxiliary  fuel  va>ve  of  220  V  electrical  power ^relay. 

.         •  CONTROL  SYSTEM  CHECK  OUT  ^  .  ^  . 


It  is  well  to  check  thp  contra!  system  witlra  '^dry"  run  through  the 
■  fu1bsequ_ence  of  modes.    The  thermostat    set  points  can  usually  be  alte-red 
-  to  ^ake  the  desired  modes.    This  .will  assure  that  the  system  will  "work"' 
■.when  it  is  first,  put -into,  operation.  "There  wil]  atiTTneed  to  be  adjust- 
'inents  'to  tife  con trol/sy stem  i-n , order  to  "tune",  it  to  the  highest  perfor- 
•  mance.-^  This  amoun_^ts  to^  adjustment^ of  $et  points,, 'dead  bapds",'  and  anticipa^tors  , 
which  give  the" best  overall .comfort  and  solar  heat  utilization.  '  ;  * 
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INTRODUCTION 


TRAIN&e<-.0RIENTEO'  OBJECTIVE,  _  / 

To  be  able  to  select  subsystems  for  a  solar  heating  "system. 

'  ■    ■  (   ...    •    •  ■  .'    .  -  .'  .    •  •■' 

SUB-^0BOECTiV£S^  .  •  • 


At,  the  end  of  this^  moduTe.'tbe  trainee  should  be  able  to  seTect: 
^    •  1.  "  Heat  Exchangers    •    •     '      *  *         ^  "  ^ 

^       2.0  Pumps  ^nd, Blowers     ..^^^   ^^^  ,      ^     '  " 

3.     Valves;  Air  Vents,  and  pc^mpers  '  \ 

c 

After  thfi  col  lector '-a  net  storage  s^stemi  ha^^een  sized, it -is 
,nece.ssajy  tq  sfeleot-the  additional  subsystetn^omponentsv-^  Jhis  module 

considers  .the  se-Tection\ of  heat)  exchangers ,  pumps,^.an(J  valves  and  a.ir  . 

vents  for  liquid  system^V  f61  lowed 'by  Jieat  .exchangers ,  blowers  and-^. 

pcimps,  and  dampers  for .airNiystems .  ^Col]ectors»  storage  dfsfi^as;  and' 
,controls*are  discussed  in  inc^^vi dual  modifies.  '^^^"''^ 

'  ■  f  .   \  LIQUID^YSTEMS  ■ 


- 1  ^ 


'A  s'iihematid  representation 'for  a  typical/ T3^id.4y5te^  is^.^hown 
in  Fiau're  i^T^.j  The.pifinclpal  components  air^e'the  collectors,  storage' 
tank,  pumps heat  exchangers,  valves,  and  control' systq^s.    Additi'd^tal  ' 
components  tha/t  must  be  included  are  .shown  in  Figure'  li5-2.    These  include 
.  the 'filtebv  theck  .valve,  ion  getters,  ^rge*  tanker  «nd.  dielectric^  couplers 
•  (if  netcfiSsaVy),    Metho]ls' for  selec'ting  these  components  ^>e  presented- 


in  the  fol'loWing  sections 


4^ 
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4  , 


583 'I:: 


storage 
Tank  , 


•  PumpfJo:! 


Pump  No. 2 


Col;d  Water 
Supply.  ^ 

4 


Pump  No, 5  r 


Valve  No. 

A 


Auxiliary 
Boiler 


4b. 


Pump  No.4 


Pre -heat 
.Tank.,, 

®  S4 


Hot ' 
\^ater^ 


Pump  No,  3. 


Service  Ho*! 


Water 


Figure^6-1.    Schematic  Repnes^ntatfqn  of.  a  Typical  Liquid  System 
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/-;aluminum- 
upper  collector  manifold    /  '  pipe; 


MANUAL  VALUE 
NORMAL  FLOW  PATH 
ALTERNATE  FLOW  PATH 


SOLAR 

ABSORBER 

PA^IELS 

OPEN 
V^ENT 


MEO'PRENE  HOSE 
CONNECTORS . 


ALUMINUM  PIPE 

I  GETTER 


THIS  PORTION  LOCATED  AT 
LEVEL  OF  ATTIC  FLOOR 

\  ,        -  CHECK 
COPPEJR  PIPE       ..  VALVE 


SIGHT, 

gauge" 


30  GALLON 
SURGE/  EXPANSION 
TANK 


FILTER  ■ 


NEOPRENE 
HOSE 


i 

SpL/*R  , 
ABSORBER' 
PANELSi  ■ 


~l — 
1 


COPPER 
"-pfPE  ■ 


THIS  PORTION  LOCATED 
ADJACENT -TO  ROOF  RIDGE- 


FROM  • 
•COLLECTOR     TO  COLLECTOR. 
PUMP  HEAT  EXCHANGER 


NEOPRENE  HOSE 
CONNECTORS  . 


I  LOWER  COLJ-ECTOR 'MANIFOLD  , 

ALUMiNUM 

PIPE  ••  / 

^Figure  16-2.-  -Additional  Cdmponerfts 'in  a  Typical  Liquid  System 


ftEAT  EXCHANGERS"  '  \:  \  ^  •  ^       *  "    '  ^ 

For  J^iquid-to-liquid  heat  exchaane   withoutJniixing  of  the*  liquids,*, 

shell-and-tub'e  type  heat  exchangers  should  be  selected.    These  units  are 

marketed  widely  and  are  thus  easi ly- obtained.    The  only  uncommon  requirement 

for  these  heat  exchangers  is  for  a  low  temperature  difference  betwee^n™  the 

.two.  liquids.    This  requirement' can  be  met  by. using  single-pass  counterflow 

design".    This       illustrated  in  Figure  16-3.  It  can  be  seen  from  the  tempera 

ture  profiles  in  the^  ^changer  that  the  singlerpass  counterflow  arrangement 

allows  the  temperature  difference  between  fluids  to  j^e  nearly  constant 

along  the  exchanger.  ^  Thi«  feature  results  \x\  a  smaller  temperatui^e  loss 

*  *     *  . 

across  the -exchangers .    The  disadvantage  of  the  single-pass  counterflow 

heat  exchariger  is  its  physical  dimensions,  involvifig  long  length  and  small  . 

diafmeter.  *A  second  disadvantage^  is  the  high  flow-rate  required  through, the 

tubes  of  the  exchanger.    The  s.rngle-pass  design-  results  in  more  tubes  in 

parallel.    This  means  that  a  /ligher  pumping  rate  is  needed  to  deveJ.op  ^ 

turbulent  flow  in  the  tubes.    It  may  be  noted  that  the  tube  liquid  in  the 

collector  heat  exchanger  is/ the  storage  tank  wat§r  and  is  to  be  pumped  aft 

a\high  flow  rate;  as  we  shall  see  later.    This  flow  is  obtainable  with  . 

modest  pump  power  because  resistance  in  that  loop  is  lov(.    The  high  flo/ 

rates  clo,  howevejf,  nearily  eliminate  temperature  stratification  in  th^  ^ 

Storage  tank.-  Highly  Stratified  storage  tempjferatures  would  thus  come 

•at  the  c6st  of  a  larger  .excha^nger  or  a  higher  temperature  loss. 

The  information  required  for  selection  of  a  heat  exd|ianger^;  - 

'Jl.     [feat  load^ 

2.  Quantity' of  fluid  entering  the  heat  exchanger  (botRLsJdes)      '  •  ^ 

3.  ,  Specific  heat  of  tlrrtds^        ,    '    ,     .  ^  ^ 
'          TemperatQres  in  and  out  (both  sides) 


COLD 
FLUID 


Figure  16-3.-  S,ingle-Pass  Counter  Flow  Heat  Exchanger 


,5,     Allovyable  pressure 'drop§   •'  '  .  .  ~  - 

.      •  .  •  '  '  ■      *    .  . 

6.  "   Size*  1  iniitations*(if»  any) 

7.  Conditions  , of  corrosion- which  may  afiPect  the  syst,em.'  "  '  .. 
Xhf'ee  bas^ic "equations  are  necessary  for  the  solution      the -probfeiT) 

.of  s^lec'ting  a  heat  exchanger.    The  firs4'two  equations  relate  tfte  total^ 


.16-6. 


heat  load  to  be  tBcinsf^red  jro  the  mass  flowrate,  speci fi/heat,  and  -  " 
temperature  difference'  between ^the  entering  and'leaving  fldid'  1%r^*both 
^''des  Qf'the  lieat  exch^per.    The  third.  equa^ti^i%-4itvblves  ^the--av€'rall»  heat' 
transfer  icoeff-icient,  suibface  area,  and  loga^^i thoiic  mean  tpmperatiTre'    '  . 
'di  f f^rence  .for  the  heat  exchanger .    Th^s^'^equa-ti'ons  are:  -  .-^ 


Q.=  (rfi  C  )  (sheM'Side) 
Q  =v(ifi  Cp),AT'  (tube  side) 
Q.  =  UA  (UMTD)  ' 


..-7 


where' 


AT  ^ 
A 

LMTD 


quantit(y^of  heat  to  be  transfeV^^ed^ 
specific  heat  &t  constant  pressure  of  fluid 


mass  flow  r<ite 

r  •      ^-  . 

temperature  change  of  fluid 
surface  area 

overall  heat  transfer  coefficient 
logarithmic  mean  t^per^ture  difference 


The  ^asi-c  heat  transfer  equation  is  us^  to  esiabl  i?h  the  afnount  ' 
of  heat  exchanger  surface  required, to  m^et  thetapplicatit)n  requirements.  • 
^The  overall  coefficient  is  a  combination  of  heat  tr^fer  rates  fdr' both    ;  *  • 
.  the  fOuid  through  the  shell  side  and,  cooling  water  throughHhe -tubes ,  and 
the  LMTD*is  the  true,  average  logarithmic  meart  temperature  dffferenceV  The 
LMTD  is'^defined'by  •       \    ' "  •  ■         '  ^  » 

'    '  ..x:  '       ■■■    ■■   '  ■ 


■LMTD- 


log, 


s 


v1 


V 


■> 
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wher*e  the  .temperatures        T^,  t^  ,  and  t^  are  as  shown  jn  Figure  r6-3  ' 
for  a  singlerp,ass  counter  flow  heat  exchanger.  *       "    *     *  ' 

The  overall  heat  transf-er  coefficient*  includes  the  individual  fluid 
•film  coefficf^eints ,  thf  resistance  .to  transmission  of  heat  through  the"^ 
tube  wa>-ls,  and  'fouling  factors  for.  each  fluid.    These  equations  may  be 
^used  to  determine  tho  appropriate  heat  excfranger  size  .for  any  particular 
.    application.    The  applitatibn  of  these  e^ations  to  the  selection  of  a  '  - 
'  particular  brand  of  heat  exchangers  will  be  discussed  ielow.  ^   '    '  * 


•  -"Example:    Select  a  heat  exchanger  for  a  solar  heating  system  having  700  ft^ 
.of  connector,  an  llOQ^gallon  water-storage  tank,  and  a  60%  solution  of  ■ 
">  ethylene  glycol  and  water  as  the  transport- medium  ia  the  collector  loop. 
The  System  is  to  be  inlta'lled  near  Fort  Collins,  Colorado.    The  mass 
flow  rate  throug-h  the  collector  is  to  be  16  gpm. 

> 

Step  1      We  begi'n  by  determining  the  amount  of  ^eat^to  t'e  transferred. 
Suppose  that  we  are  provided  wfth  the  following  .collector  characteristics: 


4 

V 


FpU^_  =  0.86  Btu/hr-ft^-°F 
Fp-  7^  =  0.72 
F,7F^  =  0-97  : 


Also  suppose  we  design  for  a  condition  for  which  # 


• 


'  [\       Hj  =  365-Btu/hr-ft^  % 


/ 


and         "-t  ■  V 

\    T«  -  T,  =  100  °F.. 


ERIC 


57G 


Then  the  amount  of  heat  collected  per  square  foot  of  collector  is:- 


4 


Qu/A  =  (350)  (.698)  -  (.8342)  (lOO)  ' 

=  17?  8tu/hr-/t^  •  i  -     ■  .   t-i  ' 


t 


Therefore,  ihe  total  htMt  ^llected  is 
'    Q  =  ip,000  Btu/hr.-  ' 


- 

Step  2  ~-  V?e. next'determine  the  temperature  changes 'through  the' shell 
»   *v  $ide  and  the  tube  side  pf  the  "heat  ex(/hanger.    The  highest  temperature 
^fluid  shouTd  be  circulated  through  the  shell  side.    The  specific  heat 
of  the  mixture  is  ablut  0.8  (Jt  varies  with  temperature  a'nd  this  is 


;    an  average  value>^) 


1 


\ 


-  6356  ^-^rjrr    •     ,  • 
Ther^efore  the  temperatur^e  drop  on  the  shell  side  is 
AT    =  113000/6336  =  18  ^F.  ! 

4 

Now  suppose  that  the  mass  flow  rate  through  the  tube  side  is  25  gal/min. 
TheD:      "  -       '  ,  ' 


\ 

Therefore, ■  .  \  • 

•    ■  .  aT.^  =  i  13000/ 12500  =  9  '^F 


step  3  --  Next  we  evaluate  the  LMTD.  This  is  made  simple  by  re- 
ferring  to  Table  16-1.  We  calculate  the  small  temperature  difference 
and  ithe  large  temperature  difference  (LTD)  from 

STD  --'m(n  [(f,    -   t^) ,    (T2   -   t^^ '    •  ' 

LTD  =  max  [(T^  -  X^)  -,  (T^  -  t^)]        .  ' 

where  *                                                '  ; 

=  .   temperature , of  fluid  entering  shell  side 

=  t-emperature  of  fl utd.  leaving  shell  side 

t^     =  temperature , of  fluid  entering  tube  side 

t^     =  temperature  of  fl^uid  leaving  tube  side. 

In  this  example  we  shall  suppose  t1iat                                   '  . 


t^  =  160 


rhen 


and 


Also, 


*and 


=  184-18  =  166  °F 


t^  =  160+9  =  169  °F, 


Xy-  =    15  °F 


STD/LT^=  OA,  ^ 
From  Table  16-1,  LMTD/LTD  =  0.655.  •  Hence,  LffO  =  9.8  °F. 
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•  Step ^4  Using  the  heat  transfer  equation,  Q  =  UA.(LMID).  and  a 
heat  transfer  coefficient  ^nonfinal)  of  275  Btu/hr-f t^-^F,  we  obtain 


113000  • 


=-   42  ft' 


.  Step^^_ Use  Table  16-2  to  select  a  heat  exchanger  h.avina^prox'V 
mately  the  area  detenniried  in  Step  4.    From  Table  16-2,  we  (fan  select 
a  model  SSF-603  with  Y  tubes  or  an  F-603  with  Y  tubes^:  - 


\  - 


Step  6  We.  no\r  select  the  baffle  spacing.  '  We  do  this  by  determining 
shell  and  tube  veloci ty  f^Krxors  by  referninq  to  Table  16-3  and  then^ 


computing  velocj^^ief  according  to: 

shep -Velocity  (ft/sec)  '  -    (shell  velocity  factor^x  {gpm  thro.ugh 
\         \  sjiell  side) 


J  tube  ^?elo,Gily  factor)  *x  .  (gpm  through  tube 
side)  a '{/lumber^ (5"f-pa-s^BS )  4» 


tube  veloci ty^Tt/^ee-)-*- 


For'best-resul ts  the  velocities  should  be  between  1  and  6-feet/per 
second ...  -  -  • 


From  Table  16-3  v/^^obta-in 
.SVF        \    .Velocity  (ft/sec)-    '  TVF 
/  3.9 


.244 


-  .038' 


.  Velocity  (ft/sec) 
•§25* 


.122  1.95- 
.061         '  .0.98 
.031   ^     .    /  "'0.50 

We'. can'  select  either 'af 


/ 


or  D^baffle  ^nd  obtain  an  appropriate 

velocity  proiigh  th^^ell  side.    The  tube  velocity  is  slightly  l,t)w  and. 

/        ^''^  *  ' 

could  be/injgpeVpd  by  Mncrea^sing  the. flow  rate:     ?  •.      -  • 
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» 

PUMPS 
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The  pumps  mus^t  be  selected  to  provide  the  requ-ired  design  flow  rate^. 

The  pumps  should  be  cer>trifugal  type  with  difect  coupled  motors.  ^C^trif- 

ugal.  pumps  provide  two  advantages  over  the  positive  displacement  style 'puaip. 

'•Centrifugal  pumps  offer  a  safety  feature  ii>  that  they  will  pump  only  a  small 

amount  above;rated  pressure  if  the  fluid  Toop  should  be  blocked.  'Thus/  such 

an  occurrence  would  neither  damage  the  pump  nor    burst  a  .fluid  line.  A 

^  second  advantage,  particularly  on  the  collector  loop,  is  the  increase  in* 

flow  rate  as  the  temperature  of  the  /luid  increases.    This, is  due  [o 

viscosity  changes  of  the  fluid  and  improyes  the  collector  efficiency  at 

high  temperatures.      *-  ,  '  •  .  ,  h* 

^"^"^  ."'Pw^ips  are  rated  according  to  the  flow  rate  they  will"  provide  when  sub- 

♦ 

jected  to  a  given  head  pressure.    The  head  pressure  is  calculated  by  deter 

'     .  .  .  '  ^/ 

mining  the  pressure  drop  in  each  component  of  a  loop.    .For  example, 

consider  the  loop  for  pump  PI  in  Figure  The  pressure  drop 

consists  of  a  Ap  in  the  collectors,  a  Ap  due  to  pipe  friction,  a  Ap  di/e 

to  elbows,  a  Ap  due  to  valves,  a  Ap  due  to  the  heat  exchanger,  a  Ap '/due  to\. 
^the  filter,  and  a  Ap  due  to.  the  ion  getter.    In  a  closed  loop  that^is  kept 

full7^^ne^es-ru)l_ include  the  head  pressure  du/ to  pumping  the  nuid 
^to  a  higher  elevation:    HpweverTnfV-^a^s^em  that  is  drained, ^is  head  * 

would  have  to  be  included.  /  ^^^^^        ^^r-^^      /  '       •       •  j 

-  '    The  pressure  drop  through  the  collectors  will  repr.esent^the  ma^or^ 
,  drop  in  the-^ystem.^.  Thi's  will  have  to' be  pj^ovided  b^  th/collector 

manufacturer  or  otWwise  determined  ^experimental  ly.  before*  the  system 
-design  can  be  completed.    Typical  pressure  drops  are/on  the  order  of  * 

2  lb/in    per  collector  panel.    This  tan  be  related/'to  feet  of  water  by 

the  relation;  '         .  /  • ,  ' 
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1  ft  H^O  =  0,433  psi". 
The  pressure  drop  through  copper  pipes  can  be  determined  by 
referring  to  Figure  16-4,  which  jjjves  piressure  drop  in  various  sizes 
of  pipe 'at  various  flow. rates.    For  example,  at  ^  flow  rate  of  15  qpnil 


■ 

through  1  1/4  inch  Copper  pipe,  the  Ap  is  5  feet'of  water  per  100  feet 

i   '  '  •  I 

of  pipe.    Similar  charts  may  ^be  obtained  for  other  types  of  pipe.'*  ^ 

The  Ap  through  elbows,  valves,  and  tees  may  be  determined  by  .  //  / 
referring  to  Figure  16-5,  or  by  simply  adding  about  50%  to  tMe  Ap  fdr 
the  pipes .  | 

Tl:ie  pressure  drop  through  the^'  ion  getter  is  so  small  that  it 

can  be  ignored.  'However,  the  Ap  through  the  filter:  can  be  si-grvi f icant 

and  should  be  obtained  from'the  manufacturer.    In  the  case  of  the  filter 

in  CSU  Solar  I  the  values  range  between  those  shown  in  Table  16-4. 

.  '  * 

The  Ap  through  the  heat  exchanger  xan  be  obtciinpd  from  the  manufac- 
turer  or  calculated  by  the  following  procedure  (from,  Young  RadiatdrXo.) 

The  set  of  curves  shown  in  Figures  16-6  through  16-'9  can  be  u^ed 

•  \         *  *  '''' 

to  obtain  pressure  drops  on  the  shell  and  tube^^sides  of  a  heat/ 

exchanger.    The  curves  are:  .  ^  ^       '  ^ 

POl    -   -  The  pressure  drop  through  the  she-ll  side^^the  tube 

'     *  bundle  util izing  water.  , 

PD2    -     .The  pressure  drop  through  the  tube  side  of  the  tube 
bundle  and  the  drop  due  to  the  Change  of  direction  in 
multi-pass  Heat  Exchangers  utiM^ing  Water. 
.  PD3    -    .  Tfie  pressure  drop  resul  tihg^  from  sudden  contraction 
,  and  expansion  3S  occurs,  between^  the  entrance  ^nrf  exit 

'  '  cdnjneclTon.s  and' the  tube  tundle^on  .the  shel^l  side;  and 
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PD4 


  between  the  channel  or  b.onnet,  and  the  tube  (bundle  and 

'entrance  and  exit  connections  oji  the  tube  side.  '      *  : 

•     *    ^  . 

/The  velocity- th»70ugh  a  roun^  opening  or  pipe/of/a 

'       given  diameter  at 'the  given  flow  rat-e. 

obtain  the  shell  side  pr^ssu^e  drop  ^through  a  heat  exch'anger: 

1.  Calculate  the , shell  ^velocity  arid  enter  either  PDl  for  vJ^t^r 

or  PD2,for'oil  and  obtain  P  (water)  or  P  (oil). 

w  0  ^ 

2.  Multiply,  as  indicated  on  graphs  PDl  or  PD2,  P   or  P 

^  'wo 

by  the  tube  ^bundle' length  in  inches,  by  the  ratio  of  the 
inside  shell  diameter  divided  by  the  baffle  spacing, and  5y 
the  indicated  correction  factoj*. 

\  in 

-3s — ^e^co4^-4be  result  as^-ite  ppass^fe^pap^h4w^-th^-4^ 
bundle  i n  psi .  -  ^• 

4.  Obtain  the  entrance  velocity  from  PD5  by  entering  with  the 
flow  in  gpm  and  the  size  of  the  connection  opening. 

5,  Calculate  the  ratio  of  the  entranc^^  velocity  from  Step  4 
to  -the  shel]  velocity  from  Step  1.  Divide  the  larger  of 
the  two  by  the  smaller  so  that  the  ratio-f^  larger  than  one. 

6*     Enter  PD4  with  the  ratio  from  Step  5  and  multiply  the  factor 
obtained  by  the  square  of  the  smaller  velocity  from  Step- 1 
'  or  Step  4.,  whichever -is  appropriate.  ^  Multiply  this  riesult  ' 
by  .88  for  qil  .  ^    ,     ^   .  ^ 

7.    , Record  this  result  as  the  pressure  drop  through  th'e  entrance 

'    '  y         .  ' 

and  exit  co'nnrection  in  psi. 

8»     Add  the  figures  from^  Step  3  and  Step  7  to  obtain  the  total 

pressure  drop  in  psi  through  the  shell  side  of  the'heat 

exchanger.,  *      *       ,  ^ 
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9.  -    Obtain  the  pres|fur.e  drop  factor -for  entering  tube  loss  by 

'  '  entering  PD4  with' the  r^tio  of  the  tube  velocity  fVom  Step  1 
to  the  cbannel  -velocity  from  Step  7.  Divide  tl^e  larger  ; 
velocity  by  the  smaller  so  that  the  ratio  is  larger  than  one, 

10.  Obtain,  the  -pressure  drpp  factor  for  the  entrance  mss  by 
entering 'PD4  with  the  ratio  of  the  entrance  velocity  from 
STEP  8  to  the  'channel  velocity  from  Step  7.'  Divide;  the^ 


^  fvelocity  by  the  smaller  so  that  theVa'tio  is  larger  than  one. 

11.  '   Add  the  values  from  Step  9  and  Step  10  to  .0625. 

12.  Multiply  the  value  from  Step  IL  by  the  square  of  the  channel 
^       velocity  from  Step  •7.  •  . 
13'.     Recard  this  result  as  the  pressure  drop  through  the  entering 

and  exi  t|  connections  .  '  *       ^  . 
14.     Add  the  values  from  Step  6.  and  Step  13  to  obtain  the  total 

pressure  drop  in  psi  through  the  tube  ^s^e  of  a  heat  exchanger. 
After  determjnihg  the  individual  pressure  drops, the  total  Ap  may 
be.  determi  ned  i^n, order  to  select  a  pump.    For  example,  in  CSU  Solar  I, 
che  total  pressure  drop  in  the  collector  loop  is[  found  tJ  be  M7  feet 
0^^ water. ^  This  was  m?de  up  of  the  following  ifems. 
■    -piles' =      (H0n,(i4^).   8..n  -. 
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A  typical  ^3unip  selection  chart  is.^hown  in  Figwre  16-K). -"^'The  . 
pump  should  be  selected  to  provide  the  desired  flow  rate  ^^^l^^the  Ap 
calculated.  *     ^'  .  '      %        ♦     *  . 

VALVES  AND  AIR  VENTS  /       -      '  '    \    -  V 

It  is  very  important  that  vajves  and  aFr  vents  be  included  in  a 
li'quid  system.    The  purpose  of  the  valves  is  to  provide  for  the 
prop^  flow  rate  and  uniform  flow  through  the  collectors.    The  valves 
-shou^i  be  adjusted  after -the  system  is  installed  .to  insure  that\the 
flow  rateV^^re  xlose  to  thiose  required  by*the  design.    Also,  si'rtce  it 
IS  virtually  iu'possible.  to  keep  air  out  of  an  unpressuri zed  system, 
it 'is^abspjutely  essential  that  air  vents  be  included  in'the  system. 


design.    The  air  vents  and  valves  should  be  made  of  the  same 'ma  terial 
as  the -plumbing  that  they  connect  to  fn  order  not  -to  ad?  to  the    '  • 
corrosion  problegi/. 

In  addition  to  the  vaWes  required  for  flow  regulati'on,  many 
^  systems^/(such  as  that  illustrated  in  Figure  16-1)  Will  require  some  ' 
three-way  valves/  These  v^aTves  are  a  p^art  of  the  control  system  and 
are  used  to  direct^ the  flow  through  the  auxiliary  boiler. 

AIR  SYSTEMS    ^        .  • 

\ 

We  will  not  spend  nearly  as  much  time^dtscussing  air  systems 
,as  we  did.v/ate;^  systejis  because  the  principal  manufacturers  of  air 

.    '        •  584-  •        '      •       ^'     ■  ' 


cSTiectors  manufacture  and  sell  a  j:omp.1  ete  .system,    Al^o,  the  major 

•     ■     .  -^'^  "T  - 

problems  are  encountered  more  with  respect  to  installation  than  with 

.reSpec-t.  to  design..       '      '   ".  *    '  /  '    ,  ^       '  '  » 

^.  .  ->  . 

flEAT  EXCHANGERS  .'*.'••, 

The  only  heat -exchanger  used  in  a  typical  air  system  "is  an 

air-to^water  heat  exchanger  us,ed  to  provide,  for  saVvice'hot  water. 

This  can  ccuislst  of  a  copper'coil  inside  the  aij^duct  on  the  return 

side  of  tl?e  collector.    This  can  tfe  sized  quite  easily  by  considering 

the  amount  of  service  hot  water  to  be  provid*ed,  the  .air  flow-  rate  and 

temperature  through  the  air  duc't,  the  water  flo\v  rate  t'hrough  the  coil 

and  the  heat 'transfer  coefficient' bAween  the  air  and  the  coil.  The 

equations*  required  to  "solve  this.*heat  transfer  problem  are-: 


Q  ='  (riic  )  AT 
^      ^    p'w  vy- 


kA  (T  .    -  r  ) 
^  air     •  V/ 


wh$re      and       represent  th^  average  air  temperature  and- wat^  temper 
tare  across  and  thro^]ir'the  coH,  and  .k  represents  th^  heat  tranter 
coefficient,  and  A  represents  the  area. of  the  coil.  ^ 

^he  problem  now  is  that  we  have  more  unknowns  than  we  itave 
equations.-  The  difficulty  is  that  the  temperature  of  the  ^ater  into 
the  coil  is  unknown  and  is  a  function  of  j:he  dynamics  of^the  preheat 
tank,    ft  may  be  determined  from  a  di f ferejitiaV-equTtTon  fqn  the  heat 
balance  of  the  prehea^fe  t^tiE"/"  Time  does  not.permLt  us  ^to' iJevelop 
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general. parameterized  solutions  to  this  dynamic,  system*' s  problem. 

However, 'since  the  cost  of  this  heat  exc^^ger  ts  extremely  m'inor 

relative' to  the,  cost  of  "ottrer  componehts  in^  this  system^  and  the  per- - 

formance  of       Tleajt  exchanger  and  service  hot  water  preheat,  tank^» 

^sy^tenj  is  not*  terribly  s-errs.i^tive  to  ^he  heat  exchanger  at'eaj/it  is  ^ 

reaommend^ed  that  a  standard ^size  be  used  in  resideViti-al  applications. 

For  ^xamp^e,  Solaron  Corporation  stjpplies  a  standard  size  pf  15"x-18'' 
» 

'whrich  ns  "6$ed  in  systems  .having  flow  rates  wp  to'l300  CFM,  -  ^ 


BLOWERS  AND. PUMPS      •  \       '  ' 

The  only  pumps  required'  in^a  typical  air  system  are  the  pumps. 

reciiiired  for. the  se-ryice ^ho't  water.    Since  these  puijjps  interact  wvtb 

*  *      ^*  >  ' 

Jihfii^&oiiieJlatLJd^aJi^  be  bronze  pumps  naXther'than  have 

iron  castings.       quite  satisfactory  pump*  has  been  found  to  be  the 


March  809  .BP.         '  ^  '     '  . 

•  •        •  *  *  ' 

The  bTjDwer  should  be  sized  in  a  manne^r -similaV  to  that  which  was 
used  for  sizing  pum^ps  in  liquid  systen^.    That*  i^;  the' static/pressure 

losl  throughout  the  system  must  be  calculated  based  on  the  desired/ 

•  -     .      ;  ^ 

flow  rates^and  this  is  used  to  size-  the  blower.-   The  pressure  ' 

drop  may  be  d^erminei^rom  Figure  16-M  which  gives  frictiorr  loss' 

in  straight  duot^  for^flovy  rates  in  the  range  0/  inte^rest  for  resideri- 

tial  application^,  *  The  majbr  pressure  drop^in  the» system ^^wiLU-be-thaf 

^      ,  tt  -   

through  the'^collectors  and  this  jyiiald-hav^  "t^'Je  provided  by  t(ie 

*  ^  — "'T""^  ,  IW. 

coMectcxr-rinanufactur^r.    As  with  the  1  iqutd' system,  the  aT's  through 

♦    '  •  , 

each  component  in  a  Tgop  must  be*  determi-ned,  and  the  tbtal  pressure 

drop  consists  of  the  sum. of  the  individual  pressure  drops,    This^  t5 

then  used  to  selett  the^^owers.  *       «  / 

4  €  o  r 


\/  y   It.i|v^'mf),o);tant  in  iln*  aiV  system  that  the  flow^rate  required-  by  / 

^ ... -the.^auxtli^Vyjfarnace  be  matched  to  that  required  for  the.  solar  p^rt , 

.   .•••w-t%.  s^y^jt^^>        this'i*^  no,t  the  cerse       f6r -e^cample,  if  the-solar-  . 
^  ^      '        *  ^^^^  i   *  '  *        ^    *    ^       _       •  •  • 

part  requires,  a  Ylow  rate  of  600  CFM  end  the  auxiliary  furnace  req«j  res''  ^ 

/        '  /    •  "        "    /  '  .    .    *      \  '  ^  '   '  :  '  *  ■  '  ' 

a'' flow  rate  of  lOD'O  CfM      then' additional  ducti'ng  and  controls,  must    .  -  f 
'  :^     ^'  '/  '  ^       ^      ^    .  ^ 

be  provided.    Thfs  obviously  increases  the  cost; 'of  ,th^  ^system.    ^      I    ^  I 
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Table  16-1.  -Logarithmic  Mean  temperature  Difference  factors* 


3   ,  * 


'  STD 

'  ,lmtd' 

STD-' 

•••  LMTD  ' 

STD 

Lf^TD  ' 

c 

.  STD 

LMTD  " 

i  LTD 

LTD 

.  LTD  • 

LTD  ^ 

a^ltd"- 

■  LTD 

LTD  ' 

1  • 

.    2  ,  • 

i 

1 

•     2  - 

.  .1. 

2  . 

'o.ai ' 

0.02 

^     •  - 

0.03- 

o:o4 

•  0,215 
!).25.1 
0  ?77- 
0,298  - 

■  0.25  '  . 
0?26 
0.2.7  - 

*\j  *  CO 

.  0.29 

0.541 
0.549 
'  /  0.558- 

•  U.  ODD 

"0.574! 

0.50/. 
'  '0.51  ■  . 

y.52  . 
_4.*53  •  , 
'  0.^4 

•  • 

0.721 

0)7.28  , 
0.734 
;  0.740 

O..75  . 
"0.76  . 
0.77 
0.78 
0.79'  V 

0*.870 
0.874 
0.879  . 
.  0.886 
0.300 

Oj.OS 
0.06  ■ 
O.-O/ 

0..09 

0.317  • 
0.334 
0,350. 
0  364 

'  0,-378 

Si 

0.30 
0.31 
'-0.32 

0.582 
0.589. 
■  0:597-  ^ 

0.612  . 

0.55 

0.56-..^ 
..-0757 
'0.5'8 
.0.59  • 

0.753-' 
■^0.759 

0.765  ■' 
.  0.77'1.  ' 
0.777 

"0.80 
0..81*" 

^  0.82 

/ 

0.83./ 
0.84 

0.896 
'  0.902- 
0.'907. 
0,913 

"<D.10' 

'  q!i2 

0.13 
Q.14 

0,403  - 
0.415 
0,427  ' 
0.438* 

0.35. 
.0:  36  * 
0.37 
*  .0".  38 
0.39 

■0.619  . 
0;.626  . 
0.634  : 
'  \  641 
0.648 

■  0.^  . 

*"o.6i'::'. 

0,62 
.'0.63  - 
0.64;* 

V  0.7.83- 
'  , 0.789 
0.795" 
'  0.801- 

a.8g6 

0.85 
'  Q.86 
0.^7.  / 

U.oo 
0.89 

0.923 
0.928  .  > 
0.934 

•  0.944 

.  0 .15^ 
0.16 

"  0.17  , 
•  0.18 
^  0.19 

^   0.448  ■ 
0.458  ' 
0^,469  . 
0.478 
0.488 

.0.40 
0.41 
0'.42 
0.43. 

>>44. 

0.655  . 
^  o!.662'  - 
0.669 
0.^5 
0.682* 

.  0.65  *■ 

0,66V'. 
.0.6,7 
0.68  • 
0.69 

0.-81^ 

0.823  . 

0.829 

O.ijB^e 

-  .0.90- 

0.91 

0.92 
'0.-93 

0..',94  '  ^ 

■  0.949 
'  0.955 
0.959 

0.970'  . 

0.20 
0.21  • 
0.22  ,  . 
0^,23  / 
0-24  ,^ 

0.*4§.7  . 
'.0.506  ■ 

0.515 
'   0..52'4-  ' 

"0.533 

00.45 
0.4$  , 

,  .0.47 
0,.,48 
0.49'  . 

•  0.689 
.  0.695 

.  0,.702 
0.709 
■  0.715 

0.70. 
',0.71  -. 
0.72 
0.73'  " 
.0.74  >; 

.•O..846 
0.848 
6.852  .  • 

1  r 

0.858  ' 
0.864 

6.95  ' 

b.?6 

0.>97.'  • 
0.98  ■ 
0.99^ 

0.975 
0.979 

•,^986  . 
'  0.991-.. 
0\995  ■ 

-young:-'  .Fixed' Tube  Bundle  Heat  Exchang&rs.  Catalog  No.  1275, 
lwrsconsii,:.,Jfoung  Had1ato,^^g75) .  p.  7.  ' 
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table  16-2:    Surface  Area*" 
tUBE  SURFACE  (square 'feet)  , 


f  - 


•  T\/np 

Type 

Type 

• 

HF-SSF  ■ 

F-HP 

8 

.  SSF 

•SERIES 

One  Petss. 

One,  Two  &  Foun^ss 

One  &  Two  Pass 

Four  Pass 

Y  TUBES 

Y  TUBES  - 

R  TUBES 

1  - 
Y  ITUBES 

R  TUBES 

Y  TUBES 

R  TUBES 

901 
CKJi 

1 



r 

f 

~—  T 

— 

— 

20? 

9 



— 

 / 

* 

301 

"  —  — 

3.6 

2.6 

3.9 

2.8 

.3.6' 

n   

302 

-*  —  — 

7.4 

5.2..  - 

7.9 

5.8 

7.2 



303 

■  11.1  ' 

7.9 

11.9 

» 

,8.7 

10. 9v  , 

502 

18.1  • 

11.2 

18.4 

•  11". 8" 

16.2  ' 

11.5 

503 

27.1. 

16.8 

'  27.8  -'■ 

■  17.8  ■ 

.25.0. 

^  17.4  '  - 

504.  ^ 

36.1 

'22.4  ■ 

37.3  ^ 

23.9-' 

3,3.4 

23.3 

 ^  

.602 

to . y  . 

17  ci  ' 

CI  ,o  ' 

io .  o 

9^  ^ 

1  ^  ^ 
Id  .  D 

603 

 > 

Hi  .  i 

97  fi 

JO  .  0 

9c;  n 

604 

—  r 

'  53.1' 

34.9 

56.0'  > 

36.9 

51.5 

31.4 

6,06 



'80.8  ' 

52.7 

8i.2 

55.8  ■ 

77.9  .' 

50.6 

608 



107.7 

70.2  '  . 

.  111.1 

74.5 

104.1 

67.5 

•'802 

'   A    ^  ^ 

•  34.1 

32.7  • 

mm  —  im 

32.7 

803 

50.6  . 

"49.2 

—  V  b 

49.2 

804 

IS' 

67.1 

65.7 

65.7 

805 

•    83.6  . 

'82.2 

.WO. 

82.2 

806  / 

'100.1 

98.6 

98.6 

807 

116.6 

115.1 

115.1 

808  V 

.     .  » 

133.1 

131.6 

131.6 

:809 

149.6 

148.1 

148.1  ■  • 

"810 

^  166.1 

164.6 

164.6 

*   Young:    f^ixed-Tube  Bundle  HeBt  Exchangers  ^'Catalog  No.  1275, 
(Wisconsin:    Young  Radiator  Cb: ,  1975),,  p.  8. 
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Table  16-3.    Velocity  Factors* 

s  »  * 

SHELL  VELOCITY  FACTORS 


TUBE  size'  OD 

Y-174 

INCH 

* 

R-3/8  INCH  . 

Baffle 
Spacing  (in.) 

H 

1-1/8 

D 

2-1/4 

E 

4-1/2 

A 
9 

H 

1-1/8 

2-1/4 

E 

4-1/2 

A 
9 

« 

200 

.74 

e  

 • 

A 

300 

^.420 

.210 

.105 

.472 

.236 

.118" 

SERIES' 

■  °5G0 

.297 

.m 

.074 

0.37 

.333 

.166 

.6'83 

.0*2 

600 

.244 

.122 

.061 

.031 

.279 

.140 

0.70) 

.035  ' 

800 

.104 

.052 

.026 

-TUBE  VELOCITY  FACTORS 

 f      -    ■■  ■   *  ~                                            ■      1  ^ 

tube' SIZE  OD 

■Y-1/4  IlilCH^ 

•   R-3/8  INCH 

Baffle 
Spacing  (in.) 

H  ■ 
1-1/8 

d' 

2-1/4 

E 

4-1/2 

A 

H 

■1-1/8 

D 

'2-1/4 

E 

4-1/2 

A^ 
9 

SERIES 

200 

,  300 

.29 

.11)4 

^117* 

.117 

.107 

.107 

.107 

ONE 

500 

:049'- 

.049 

.049 

.051 

.051 

.051 

.051 

PASS 

600 

.033 

.033*' 

.033 

.033 

.032 

.032 

.032 

.03Z 

800 

if 

.017  ■ 

.017 

.-017 

*   Young:    Fixed  Tube "Bundle  Heat  Exchangers,  Catalog  No.  1275 
■      -  p.  8. 


^(Wisconsin:    Young  RadiatSr  Co.,  1975) 
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Table' 16-4,  Pressure 


Drops  through  Filter 


in  CSU  Solar  .1 


<99 


16  gpm  205 

60%  ethylene 

glycol , 
(in  water) 


T 


5,.^pm  87  ""F 
pure  water 


-  Fine 


0.60 


Med-ium 


6.7^ 


0.20 


Coarse' 


0.35 


0.10 


0 
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GLOSSARY  OF  TERMS  • 

absorbent 

<                        *  « 

liquid  which  combines  chemicalty  with 
'a-  refrigerant       :                  \  .                    '  ' 

refrigerant 

Working  fluid  in  a  refrigeration  system' 

• 

coefficient  of 
'Rerfonnance            *  . 

< 

Ratio  ,of  heat  removal  rate  to  heat  supply  rate 

ton  of  refrigeration 

Heat  reiioval  aJ^a  rate  of  12,000  Btu  per  hour 
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INTRODUCTION  ^ 

Spac5  cooling  is  wi thdrawaT^  of  heat -from  the  air  within  building 
enclosirre -to  lower  the^  temperature  below,  that^of  the  natural  surroundings. 
Various  solar  cool  ing  methods  and  sys  tans  are  discussed  in*this  module, 
and  although  methods  using  sol ar. energy  ^re  of  particular  interest  in 
this  tra'ining^ourse,  other  potential  space  cooling  methods  are  briefly 
,#>^-iscussed.  ^ 

TRAINEE-ORIENTED  OBJECTIVE  ,    *  ' 

s   ^  « 

The   objec^ve  in  this  module  is  to  present  the  basic  principles 
and  concepts  of  sol^r  cooling  methods  for'.fhe  purpose  of  designing  a  system 
using  a  solar  cooling  unit.    In  order  to  test  wt^ether  this  objective 
is  met  by  the  trainee,  as  a  m'inimum  level  Jf  accomplishment  the  trainee 
should%e  able  to:  ; 

1.  Describe  the  basic  concepts  of  sQlar  space  cooling' and 
determine  the  amount  of^nnual  energy  ^consumption  to 

,  op'erate  the  cooling  unit.       /    '      '  ^ 

2.  Describe  the  operation  cyCles  of  the  following  experimental 
solar  coolfng  systems :  '  (-a)    1  ithium-bromide-water  absorption 
cycle    (b)    an  open-cycle  1 iquid.  desiccan€  system. 

3.  Describe  the  operation  of  non-soTar  coolino  units  in  solar       "  ,t 
heating>*systems.  -  \    "     .         *         v  ' 

'4*.     Determine  the  economics  of  solar  cooling  $ys terns  for  specific 


applications . 
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DEFINITION  OF  TERMS  ^  -     '  •  . 

'  .  '  ' 

The  capacity      a  refrigeration  machine  tcJ  cool  room  air  is 
custom^arijy  referrecl  in  tojis  of  refrigeration.    A  ton  of  refrigeration 
rs  the  removal  of  heat  a^a  rate  of  12,000  Btu  f)er  hour.    Anotiier  often- 
used-'tenii  in  connection  with  refrigeration  equipment  is  coefficient 
of  RerfonuanceT  COP.    The  COP  expresses  the  effectiveness  of  a  refrigera- 
iion  system  hs  the  ratio  of  usgfuV  refrigeration  effect  to  net  en,ergy 
supplied  to  the  machine.    The  COP  is  determined  by;  the  simple  equation 
i)elow: 


COP 


^'  Heat  energy  removed 


Energy  supplied  from  external  sources 
The  COP  of  a  mechanical  v^por-compression  refrigeration  machine  is 
'  characteri-stically  about  two,  and  can  be  as  high  as  four.    Jhe  OOP  of  a 
'  li'thium-brom-ide-water  absorptioTi  refrigeration  machine  is  about  0.8  and 
more  often  operates  in  the  range  from  0.6  to  0.7.    A  COP  less^than  1  means 
that  more  energy  is  supplied  to. th^  machine  than  h^at  energy  removed  from 
the  room  air.    From  the  caoling  capacity  and  COP  the  energy  cons^umption 
rate  by  the  machine  to  produce  the  cooling  effect'  can  be  determined  by 
. dividingfthe  heat  removal  rate  by  the  COP.    For  example,  the  heat  removal 
rate  for  a  3-ton -absorption  air  cooler  is  36,000  Btu^  per  hour.    With  a. 
GGP  of  0.6>  the  quantity  of  heat^  needed  at  the  generator  is  60,000  Btu  per  . 
hour  (36,000^-  0.6).  '  •  '  -         '  ^ 


er|c 


6C5 


CATEGORIES  OF  SPAGE  tOOLING  METHODS 

There  are  three  categories  of  space  cooling  uhits  for  residential 
buildings.    They  are:  ^ 
1.  Refrigeration 
•  2.  '  Evaporative  Cooling 
3.     Radiative  Cool ing 

iSlar -energy  is  directly  usefu'l  in  refrigeration  methods -and  some 

^  f 

evaporative  cooling  units.    Simple  evalporative  cooling  systems  and 
radiative  cool ing  are  indirectiy_pe>ated  to.solar  energy  h  that  they 
are  dependent. upon  climatic  factors.. 


REF^^IGERATION  METHODS 


Refri^ratiorj  systems  effect  coojlinq  by  removing  heat  from  the 
air  a^  it  comes  in  contact  wi^th  a  cold, ref riqeVated  surface.  Conven- 
tional vapor-compression  systems  usinq  electric  motors  as  well  as 
absorption  vapor-compression  systems  using  gas  fuel  heat  ar^  potentially  / 
convertible  to  systems,  using  ^solar^  Of  many  possible  systems  , 

available,  only  the  absorption  .systemi;  apipearuo  be'useable  from  an  ' 
economic  vievr  in  the  near- term  (next  -'ive  year^),  and  of  the  various 

types  of  absorption  machines  possibl^/the  li thium-bromide-w/ter* uni t 

* 

able  for  residential  space-cooling 


is  currently ^(1977)  commercially  avaj 
appl  i^cations.         »  ■ 


ABSORPTION  REFRIGERATION 


An  absorption  refrigeration  machine  is  basically  a  vapor-compression  * 
machine  that  accomplishes  cool'ing  by  expansion  of  a  liquid  refrigerant  under 
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•reduced 'pressure  afnd  tefiiperature,  simi'kar  in  principle  to  an  ordinary 
electrically  operated  vapor-compression  air  conditioner.    Instead  of 

*a  reirigerant  like  Freon  iV*'a 'c'onveTitional  air"  conditioner,  inorganic 
refrigerants  such  as  water  or  Ijnmonia  arfe  used  in  an  absorption  mac^hine 
\together  with  a r^^ absorbent.    An  absorbent  is  a -liquid  which  combines 

.  c'hanicany  vyith.the  refrigerant  and  releases  the  heat  from  the^  fluid 
mix^yjre'  in  tjie  combination  process.    Two  units  are  described  in  this  x 
mbdike,  a  1  i^thi um-brpmi de-water  unit  where  water  is  the  refrigerant  and 
^the  1  trthium-bromide  is  the  absorbent,  and  an 'ammonia -water  unit  where 

;ammo.nia  is  the  refrigerant  and*  water  is  the  absorbent. 

In  a  mechanical  vapor-co{jipression  system  the  compressor  is  driven 
by  an  electric  motor;  thus,  the  energy  input  is  electricity.    In  an 
absorption  vapor-compression  system^  there  is  no. compressor .    Instead,  . 
there^is  a  generator  wher^  energy  input  in  the  form  of -heat  is  used  to 
drive  th'e  coo,l fng' machine.    Th^e  quaritity  of  heat  energy  needed  by  an 
absorption  machine  is  greater  .than  the  amount  of  electrical  energy 
(heat  equivalent)  needgd  to  operate  an  el ectro-mecharfical  air  conditioner 
to  (Produce  the-same  cooling  capacity.     '         .  . 


Lithium-Bromide-Water  Absorption  Cooler  .  ^  .  . 

•  •  *  •  > 

T-tere  are  tv(0  types  of  1  f thium-^bromide-water  absorption  coolers. 

\ 

One  type  cools  air  and  the:'Other  type  cools'  water  which  contacts  the 
cooling  coils.  The  first  typje  is  called  an  air  chillier;  thg  second, 
a  ,wa.ter  chil  ler . 

\  The  principle  of  ppera'tion  of  a  1  i thitfm-bromide-water  system^  is 
describee!  wit^  the  aid  of  Figure  17-1.    Water  is  the  refrigerant  and 
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the  absorbent  is  lithium-bromide.    The  cycle  begins  when^water  in*  the 
'liquid  ^mixture  in  the  generator  is  boiled  off  and  superheated  with 
solar  energy  at  a  temperature  between  170  and '210    F.    The  superheated 
wat^r  vapor  passes  from  the  generator  to  the  condenser  where  it  is 
cooled  to  about  100  °F  by  the  cooling  water  froni  an  outdoar  cooling 
towef'.    The  vap^or  condenses  to  a  liquid  and  is^  then 'revaporized  through 
an  expansion  valve  which  cools  the  vapor-liquid  mixture  to  a  tempera^turg^ 
of  40  °F  in  the  evaporator  coils.  -The  heat  in  the  room  air  or  water 
wliich  is  brought  in  contact  with  the  evaporator  is  removed  by  the 
cooled  refrigerant  -in  the  'evaporator.    The  refrigerant)  then  passes  to 
the  absorber  where  it  recombines  v(ith  the  concentrated  lithium-bromide 
solution  from  the  generator  at  a  temgerature  of  about  100         In  this 
recombination  process,  heat  is  released,^  arid  the  tieat  is  removed  by  the 
cooling  water  from  the'  cooling  tower.    The  dilute  solution  of  "lithium- 
bromide  and  v/ater  in  the  absorber  flows  by  gravity,  or  is  pumped  back, 
to  the  generator  and  the  cycje  is  repeated.    The  recouperator'^in  the 
diagram  is  a. heat  exchanger  to  make  the  system  thermedynamical ly  more 
efficient.  .  ' 

Temperature  Restriction^  —  The  jJperating  temperature  range  of  the 
hot  neater  supplied  to  the  generator  of  a  solar-operated  1 ithium-bromide- 
water  absorption  refrigeration  machine  is  restricted  from  170  %  to 
210         The  water  temperature  to  the  generator  must  be  sufficiently 
high  'to  boil  the  water  iprom  the  solution  in  the  generator.  The 
temperature  must. be  at  least  170  °F.    The  upper  temperature  islimited^ 
to  210  °F  be'cag'se  the  hot  water  tb  the  generator  in  a  solar  system  is  • 
.  provided  from  j^torage  anci  the  temperature  in  storage  will  be  less  than 


the  boiling  temperature  of  wafer  at  atmospheric  pressure.  Another- 

limitation  is  the  temperature  of  the  concentrated  1  ithiiAn-brofnide  "    .  * 

.  solution  which  flows  from_  the 'genera  tor  to -the  .absorber  through'the 

recouperator.    If  the  temperature  is  too'l-ow  i?i  the  recoup&rator,  and 

■-  .  .  •  '  '   ■  ' 

the  concentration  of  the  1 ithi urn- bromide-water  solution  is  high,  the" 

lithium-bromide  will  sol'idify  in  the  outlet  tube  leading  from  the 

recouperator  to  the  absorber.    Prov-ided  the  temperature  in  the. generator 

is  i)etween  170  °F  to  210  °F,  the  i>r);»4  will  operate  satisfactorily. 

System  Components      The  absorption  cooler  s^iould  be  situated  close 

■t  ' 

^  to  the  hot  water  storage  tank  to  minimize  heat  loss  from  the  pipelines 
connected^to  the  tank.  "A  s'chematic  diagram  of  a  flow  chart  fpr  a  water 
chiller  in,  a  solar  system. is  shown  in  Figure  17-2.    The  hot  water  from 
the  top  of  the  storage  tank  is  pumped  througlj_.th>  generator  by  pump  P-2  * 
and  returned  to  the  bottom  of  the  t&nk.    It -will  be  noted  that  the  piping 
connect!  onfliDes  through  the  auxiliary  boiler..    When  the  temperature , in 
the  storage  tank  is -insufficient  to  operate  the  absorption  chiller*  the 
auxiliary  boiler  is  used  to  provide  heat  to  the  generator.    When  the 
aux'iliary  boiler  is  use.d,  the  three-way  valve  at  the  bottom  of  the 
auxiliary  boiler  circulates  the  return  water  only  through  the  auxiliary 
boiler.    In  this  way,  au-xiliary  energy  is  not  used  to  heat/the  storage 
tank.'   The  pump  sife  and  ^ead  depend  upon  the  flow  rate  and  pressure 
Ipss  through  t,he  system  and  are  influenced'by  the  size  and  length  of  pipB 
.connecting  the  storage  tank  to  the  generator  and  the  return  pipe  froih^ 
the  generator  to  the  storage  -tank.     '        ■     •  . 

A  wet  cooling  .tower  is  needed  with  the  absorption  chijl'er  to 
discharge  the  heat  from' the  conderiser,and  the"  absorber  to  the  atmosphere^ 

■        (  ' 


■  Heat 
Exchanger 


Storage 
Tank 


Fan  Coil  Uffit 
to  Rooms 


.  Water 
:iiOfri  Supply 


f 


•Auxiliary 
Boiler 


Condenser 


AbBorber . 


\  / 
^  \  / 


Generator 


Water  ^ 
^O^M  Supply 


Cooling  Tower 


Arir 
Gas 
or 

.Kerosene 


Absorption  Chiller 


612 


Figure  17-2.    Flow  Chart  of  a  Water  Chiller  Operation 
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The  sizg  of  the  cooling  tower  needed  depends  upon^  the  size  of  the 
absorption  machine  (cooling  capacity)  and  the  wet-bulb  temperature  of 
the  ambient  ai'r^  The'  temperature  of  (the  cooling  water  from  the  cooling' 
tower  will  have  a  significant  effect  on  the  COP  of  the  machine..  For 
example,  a  dra'p*  in  COP'froiii  0.7  to  0.6  can  be  expected  iff>1jtie  wet-bulb 
teinpercUure  increases  from  75  ^'f  to  85  ^F.    A  pump  .labeled, P-3  is 

« 

heeded  to  circulate  the  oboling  water  froif]  the  tower  throjigh  the  absorber 
and  condenser  of  the  absorption  machine.  '  "  \  ^ 

The  chilled  water  Inom  the  evapora.tor  is  circulated  to  the  fan-coil 
unit  to  cool  the  air  in  the  rooms..    Jhe  fan-coil  unit  may  *^  a  central 
unit  for  ttie  entire  building, or  individualized  units  may  be  used  in 
different  zones  wtthin  the  building. 

Water-Ammonia  Absorptioo  Cooler      *  -  ... 
J   —  ^  : 

In  a  water-ammonia  absorption  systpm^,  ammonia  is  the  refrigerant 
^and  water  is  the  absorbent.    The  system  .of  Figure  17-1  must  be  modified 
slic^htly  by  inserting  a  separator  between  the  generator,  an4  the  corKienser. 
Th^e  separator  is  needed  to  prevent' excess ive 'amounts  ofv  water  vapor 

carry-over  with  the  ammonia  into  the  cycle.    The  Operating  pressure 

*  ? 
IS  greater  than  atmospheric, which  is  an  advantage  over  the  lithium- 

'5  . 

bromide  system;  however,  operating  temperatures  are'^greater ,  which  is  a 
disadvantage.    The  temperatures  are  no.t  so  high  as  to  be  unattainable  with 
solar  col  lectors,  especially  \S  evacuated  or  concelal;raJ:ing  .col  1  ectors 
are  available.    As^  yet,  solar  energy  operated  ammonia^water  absorptiorj 
systems  "are  not  available.   Jhere  are,  however,  gas-fired  units  ava^lajble 
in  lariffer' sizes  for  large  buildings,  "  '       *  * 
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HEAT  PUMP  . 

'  •  /- 

■    ^heat  pump  is  «  device  to  absorb  the  heat  from  inside  a  building.  ^ 

and  reject  it  to  the  outside^^air,  thus  cooling  a  buil^^ing.    It  can  also* 

be  used  to  absorb'heat  from  a  source  external^^o  the  building  and  reject 

it  inside  the  building  at, a  higher  tempera  tore  level  to  heat  "the  building, 

A  typical  heat  pomp  system  is  shown 'in  the  sketch  of  Figure  \17. --3  ^ 

in  the  cooling  mode.  .It  is  a  mechanical  vapor-compression  system  with 

a  compressor,  condenser,  expansion  valve  and  an  evaporator.    Warffi  indoor* 

"     -      '  '   ^1 

air  is  cooled  at.  the'evaporator  and  the_cool  air*is  re(^'1s'tributed  through  ' 

the  building.    The  warm  refri^raht  vapor  is  compresse'd  and  heat  is-  ^ 
rejected  through  the  condenser  coils'outside  the  build^'ng.    As^  a 
refrigeration  machine,  the  heat'pqmp  is  not  a  splar"  energy  related., device. 
However,  the  same  machine  can  be  , used  for^^heatiog  which  can  use  a  solar  ^ 
energy  source.       *  .  .        ^  •  ^  -* 

'    '  In  the  heating  mode,  the  cycle  i^s^^ersedv    The  indoor  coils^now  , 

become  the  condenser,  and  the.  outdoor  coil  ,  the  evapqrator. '  In  the -heating  * 
-  .     ^  .  .  -         ;  ;        -     %'  . 

mode,  as  shown  in  Figurel7-4*^eat,-which  is  supplied  by  solar-heated 

'    '    .   .  .       r  m  ^'      _  .  .. 

water  or  a^ir,'  is  .drawn  into,  the 'refj?i.geraht  through  the  outdoor-  co;iTs» 

The  refrigerant  vapor  is  Qompressed  and  condensed  to  a  liquid  in  the 

indoor  coils »  thus  giving  up^v^e.he^at  to  the  room  air.^   The  cool^jl'';;^  • 

liquid  is  vaporized  and  r.eturns  to  the.evaporator  to  complete  the  eycle.' 

An  important' factoi*  in  the  SuccessfuTappl ication  of  heat  pumps^  ;^ 

fon  heating*  is  the  availability  jof  a.  dependable^  source  ^f  h^t^  for  the 

evaporator  at  a  rea'sonably  high  temperature.  #If  solar  energy  can  -fee 

such  a  source  of"  supply,  then  a  heat  pump  in  comb^Vation  with  a  solar 

^  ^  \'  ^ 

heat 'sotirde  is,  a  potentially  important  system  for  hearing. 
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igure  .17-4.  Heat  Pump  in  a  Heating  Mode. 
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Instead  of  driving  the  compressor  of  a  vapor-compression  refrigera-  ^ 
tion  machine  with. an  electric  motor,  an  alternative  source  of  power  for  the 
compressor  is- a  solar  pov/ered  engine.    Solar  heat  Can  be  used  to 
vaporize  an  organic  fluid  to  drive  a  turbine.    The  turbine  is  coupled 
to  a  compresst)r  of  the  refrigeration  machine.    A  schema^Mc 'drawing  of 
a  simplified  system  is  shown  jn  Figure  17-5. 

Heat  is  supplied  to  the  bo41e'r  by     sSlar. collector.    The  fluid  in*  • 
the  boiler  is' vapoir*i zed  and  tke  .vapor  drives  the  blades  .of  the  turbine. 
The  rotating  shaft»of  the  tUrbine  then  drives  a  compressor  for'the  vapor^ 
compression  refrigeration  machine  which  procfuces  the  desired  coolong 
effect.    The  vapor  from  the  turbine  is  changed  to  a  liquid  in  the 
condervser  and  i^,  pumped  back  to  tTie  boiler.    The  regenerator  is  a  heat 
exchanger  to  recover  some  of  the  heat  from  the  vapor  ejected  from  the  ^ 
turbine.    This  machjne  is  still  in^the  experimental  stage  and  is  not. 
available  as  an  operational  unit  for  cooling  of  residential  buildings. 

V 

.  EVAPORATIV^COQLING-         -  ' 


EVAPORAI I VE 'COOLING  THROUGH  ROCK' BED 

A  simple  evaporartor  cooler  can'  be  used  to  c'odl' >v/arm  air  by  passing 
the  air  through  an  air  washsr.    Depending  upon  the  velocity  of  air  ancl 
v/et-bulb- temperature r-^warm  air, may  be  evaporatively' cool ed  to  a  des^V^d'' 
.dryrbulb  temperaturg.    As  an  example,  outside  air  at  100  °F<lry-bulb 
temperature  and  70  °F  wet-bul^b  temperature  (relati>^  humidity  of  22  / 
percent)  can  be  cool^  by  an  air  washer  t6  about  ^degrees."  However,,- 
the  relative  humidity  wou,ld  be  an  uncontfortable  7^efcent.    Strictly  ' 


^  Figure  17-5.   Rankine-Cycle  Vapor-Comprfession  System 

-    .  621      '  *  •       ,  '    ■  ;  G2T 


speaking,  evaporative  cooling  iS- not  a  solar  system.    However,  there  , 
-  is.  the  possibility  of  using  the  rock-bed  storage  of  an  air-heating*  solar 
*  system  for  storing/ "cpol "  air  in  the  summer  time  as  described  below. 
An  evapo-ratHve  cooler  coupled  with  a  rock-bed  s^torage  unit  is 
shown  inTigur^  17-6x^^jii^     air*is  evaporatiyely  cooled  an^d  circulated 
through  theV^ck  bed  to  cool  down  the  pebbles. 'in  thp  storage lunit. 
Du^^ing  the  d^y,  warm  air  from  the  bui-ld'ing  can  be  cooled  by  passing  the- 
air  thVough  the  cool  pebble  bed.'        '  v 

Using  the  design  guidelines  given  for  sizing  the  storage  and  blower 

*  r 

of  a  solar  air  heating  system,  and  assuming  the  collector  are^a  is  700  ' 

3 

square  feet,  the  rock-bed  storage  volume  will  be  350  ft.  (minimum)  to 
700  ft.  (maxilnum),  and  afr  flow  rate  will  be  about  lUOQ  cfm.  Let  it 
be  assumed  that  the  rock  becj/can  be  cooled  down  to  60  at  night,  and 
the  desired  temperature  in  the  room  is  78  °F  (maximum)  during  the  day. 
The  rate  of  cooling  provided  by^this  system  then  is  determined  by     '   -  ' 

(volume  flow  rate)  X/(air  density)  x  (air. heat  capacity)  x  (temperature 

«^ 

differential),  or  for  this  example'the  cooling  reute  i:S 


1400  (.073  1^    U  Bt^,^  (78,60.  °F    L  -  26.49^ 


3^ 

mTT/  i-^^^  Ta]       TToFj  IT'^-  ')  i^^  W]  -  ^Y^"  W 

•  or  2.21  tons.      •    '   ,         ■  .  .  I  ' 

'  3  '  - 

With  a  rock-bed  storage  volume  of  350  ft.  ^  the  cooling  capacity 

•  ■        s  - 

stored' in  the-  rocks  is  determined  by  '  " 

(volume  of  storage) (specif ic  weight  of  rocks)(speci^fic '"hecit  of  rock) 
X  (temperature  difference)  -or,  ■ 


(350  fV^)(100  ^\  X  (0.21  '^p)  (78-60  °F)-  =^.132,300  Btu 


•  623- 
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At  a  cooling-rate  of  26,490  Btu,. 'there  are.  S^hours  (132,300  26,490) 

-        hr  3  "  "  ^ 

of  cooling  capabi-Vity  provided  by  350  ft.    of^rock  bed  storage. 

.  3  •  '         *  '„  ^ 

If  the  storage  size  is  700  ft..  ,  the  cooling  is  unchanged  at 

26,490  Btu  per  hour',  or  2,21  tons,  but  the  cooling  capability  is  increased 

to  10  hours.  ^  When  a  solar  air  heating  system  with  rock  bed  storage  is 
* 

consid.ered  for  use  fn  cooling,  it  is  advantageous  to  install  the 

maximum  storage  volume  consistent  witir  heating  systeii  design.    On  a 

m 

unit  collector  area  b^sis,  Storage  size  recommended  is  0.5  to  1  cubic 

/ 

^  foot  per  square  fodt.    Thus  for  a-  heating  and  cooling  system,  storage 
volume  based  on  1  cubic  foot  per  square  ^oot  of  collector  is  recommended 
to  ma^<im^ze  the  cooling  capability  of  the  system. 

Ev.aporative  cooling  is  restricted  to  arid  and  semi-ari'd  regions^with 
coo^  nights  and  low  we't-bulb  temperatures. 


MUNTER'S  ENVIRONMENTAL  CONTROL — ' 

A  MuntSr* s,  Environmiental  Control  (MEC)  unit  provides  both  cooling 
and  heating.    A  solar  assiVced  unit  in  a  cooling  mode  is  shown  in 
Figure  17-7.    The  two  essential  parts  of  the  MEC  system  are  a  drying 
wtieel  and  a  heat  exchange  wheel,    the  wheels  operating  in  combination  ^ 
wjth  a  solar  heater'and  gas  bOrner  for  air  drying  and  an  evaporati\^e 
cooler  provide  environmental  control.  , 

Hot  motst  air,  at  say,  90  °F  dry  bulb 'and  80  °F  wet  bulb,  is  drawn 
into  the  unit  a^d  dried  nearly  Bdiabatically  .to  180  °F  D.B.  apd-^O  °F  W.B. 
Ijy  the  drying 'wheel .    The  hot  dry  air  is  cooled  by  'the  slowly  revolving 

0  0' 

heat  exchange  wheel  to  75   F/53    F  and  further  cooled-adiabatically  .to 
55  °F/53  °F  by  an/evaporative  cooler  and  distributed  in  the  building. 


AMBIENT  AIR 
-  WARM  'MOIST 
•  .     90V80*  (  D.B./W.B.) 


The  drying  wheel  As  regenerated  by  d-rawing  the  warm  air -from  the 

room  through  the  ev^aporative  cooler  where  it  H  cooled  from  75  OF/63  °F  to 

65  °F/63  °F  •   The  c6ol  air  removes' the  heat  from'  the  heat  exchange  wheels 

.-warmi'hg-'to  17a   F/91    F.    Part  of  this  air  is  further  heated  by  th^e  soUr 

heating,  coil  and  the'  gas  burner  to  320  °F.    Part  of  the  air. from  th^  heat 

exchange  wheel  is  used  for  combustion  in  the  gas  burner,  and  the  balance 

bypasses  both  the  solar  and  gas  heaters.  ^The  hot  aiv  regenerates  prie 

drying  wheel  by  removing  the  moisture.    The  air  .from  the  drying  wheel  is 

combined  with  th§  unused  air  from  the  heat  exchange  wheel  and  is  exhausted 

*  *  ■ 

•outdoors.  '      .  ,     *  '  €  ^ 

A  3-torrdemonstration  model  has  operated  at  a^COP  of  about  0.3  with 
indoor  temperature  at  75  °F  and  5'0-percent  relative  humidity.  The 
contribution  wh'ich  solar  energy  makes  to  this  s/stem  is  limited  by  the 
temperature  at  the  solar  heating  coil.    To  regenerate  the  drying  wheel, 
a  high  temperature  is  desirfed^and  assuming  that  a  flat-plate  collector 
is  used  on  the  building  for  heating  purposes,  the  temperature  rise  across 
the  solar  heating  coil  is  limited  to  about  25  '  F.    The  balancen'n 
temperature  rise,  about  225  °F,  is  provided  by  the  gas  burnpr.. 

t!riethyIene  glycol  opeN'Cycle  desiccant  system    .    '  •     '  ^  : 

A  system  which  provides  cooling  by  deliun3idif ica.tion  of  the  air 
is  shown  schematically  in  Figure  17-8.*  It  is  an  open-cycle  system 
because  it  does, not  require  a  hermetically  sealed  circulation  system  to 
contain  a -refrigerant.    Maist  room  air  is  dehumidified  and  cooled  by  - 
triethylene  glycol  as  the  air-J'lov/s  through  the  abs6r*ber.  The 
dehumidified  ain  passes  through  elimirtcitors  to  remove  the  liquid  glycol 
from  the  aiV  and  is  further ,evaporatively  cooled  and  redistributed  to  the  ' 
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•r(?pfns.    The  li(ijuid  desiccant  whith  *p4S^estKrough^the  absorber  picks  up 
moisture  from  thejbuilding  air.rfnd  becomes  diluted.    This  dilute,  solution 
is  regenerated  by  an  outdoor  unit  on, the  right  of  Figure  17-8.    The       ~  » 
moisture,  i's  removed  from  the  glycol  soluti:^on  in  the  stripping  column, 
thu,s  regenet^d^n'g/the  tVietb^leoe  glycol  to  a  concentrated  fbrniNwhich  is 
returned  to. the  absorSer^^nd  recycled.    At  the  stripping  column  the  liquid 
mixture  is  sprayed  ^Bpi^a^i  stream  ,of  solar  heated  air.    The  heated  avK^ 
t^Tf 


picks  up'^the  moi^tLl^^ronT th^  fllycol  spray    and  is  exhausted  to  the 

atmosphere*.  -Liqutd  gjVcfil  droplets  which  are/clfrried  v/ith  the  air  stre^m^ 

a^re  removed  by  the  eliminators.    ,If  there  is  insufficient  solar  heat,. 

»then  an  auxiliary  gas  heater  is  used  ta  heat  the  air  stream.  Th^ 

triethylene  glycol  .from^  the..ho'ttom  of  the  stripping  coljjmn  returns  to  the 

absorb^  through  heat^changer^^  to  recover  heat  and  make  the.  system^ 

therraodynamically^nfere  e'ffi;?:i'errt^  —  ^  / 

*    'Hk  vn'de  r^Tnge  of  operming  solar  .heated*air  temperatures  is  possible 

.with  this  system,  from  84'°F  to  180  ^F.    The  higher  the' temperature , 

however,  the  higher  wilT  be  the  COR , of  the  machine. 

A*  liquid  desiccant  open-cycle  sy^Bn  in  sizes,  using 

conventional  heat  sources is  Commercially  avlrlable.    Except  for  an 

experimental  unit^vKich  was  studied  25  years  ago, ^  this  type  of  system 

'      '  ^ '        i        '  '  ' 

has- not  been  actively  considered  for  space  cooling  of  residential 

/        •  .         '  #  ' 

buildings;      ^     .  ^        ^  ^    -  , 
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RADIATIVE  COOLING. 


Jhe  use  .of  ar  flat-plate  collector  to  coOl  water  or  air' by  night 
radiation  in  the^cooling  season  has  been  suggested  a^  a  possible  wa^.  \ 

'to  cpol  i  building.    In  principle,  radiation  f roiiL  the  absorber  surface  ^ 
of;a  flat-plate  collectoc  Jp  the  cold  night  sky  could  cool  the  absorber 

^surface  and  Hfehce  also \thf' wat^  or  air  circulating, througli  the  collector 
The^  d-ifficulty  with  thi^^^method  is  that  a  good  collgctor  i's.a  poor  . 

■racjiator:;  therefore,  u^ing  the  sam.e  col  lector.  Which  colVects  s(^r  heat  ' 

#  .  '       -        .    ,.^  '  tf 

.for  the  heating  season  to  cool  water  or  air  in  the'  cooling  season 'is 
not  p>;actical.        \  ^  '  •    ^  - 

Th^e  are  two  solar  houses,  one  ia  California  and  the  other  ,iTi 
'Arizona,  that' util ize -night  radiation  to  regulate  fhe  temperature  rise 
^Hn*  reSid^tiaV  buildtrrgsr.    Th'e'^bui Idixigs  have  a  shallow  water  pond  on  the 

'r,oof  wit?)  sectional  ized  retracting  insulating  covers  over>  the  pond. 

^  '"^        \  \        ^        ,  .  ^ 

?he  covers  are  retracted  at  night  to  .cool  .the  pond  by  evaporation  and 
radiation  to  the  night  sky.    The  covers?. are'  cjosed  during  the  ^ay  to 
prevent  the/pond  from  heating.    In  the  wioter/^the  ins^jl  a  ting 'covers 
rare  retracted  during  sunny  days  to  collect  solar  heSt^  in  the  pond  and' 
Clos^  at  night  to  preserve- the  stored  heat.  *^t. special  iDcatioas^fn^the* 
Country,  this  type^of  heating  and  cooling  system  could  be  u'sed.  However, 
in  freezing  climates    there  are  obvious  difficulties. 
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*  .      ECONOMJCS  OF  SQLAR  COffLING  ,    .  - 

At^ the- prjesent  time,  the-only  sojan  cooling  ^^tem  yhich  has 

,been  sa'tisfactorily  and  rel iab1y.:^perated  is  tl>e  lithium-bromide        .  w 

*  absorption  machine.    For  economic  considerations. suppose  that  the 

ab6orptio^i  machine  costs  approximately  $2500..  -Wi'th  a  ceiiiparati vely 

^  '       ,  t  -  ^ 

high  load  factor  or^the  cooling  unit,  750  sq.  *ft.  of^  coll ec tor s  shoi^ld 

•  •       '     -A  #  • 

be  aWe  to  provide  500, QOO  Btu  of  useful  heat  per  average  summer  day,-* 

for  the  removal  of  approximately  3QP,000  Btil  of  heat  from  the  t)ui1ding  - 


contents.   7his  cooling  raters  equivalent  To  about  25  ton^hours  of 
cool ing-,' that  is,-  3  tonk  for  eight.hours  per  day*    On  a  Seasonal  basis, 
100- days  of  cooling  woulov  result  in  a  totaL  of  2,500 'ton-hours  of  coaling 
provi'ded  by  the^s^lar  Unit!   Amortizing  thfe  costs' of  the  air  cojiditioner 


in  20  years  at  8  percent,  with  all  oth\r  costs  such  as  the  collectors, 
storage Jtank,  pumps  and  ducts  being  included  in  the  heating  expense, 
the  cost^of  cooling  is  approximateTy  $250  ^r  year.    Dividing  $250  by 
2,500  'ton-hours  yields  a  cooling*  cost  of  10  cents- per  ton-hour  of 'cooling, 


.  eoifipar^ison.  6f  the  cost  of  a  ^olar  cooling  system  with  the  cost  of 
•  .         'w  -  •  *  ^ 

conventional  coalings  can^now  jie-itiade.    A  vapor-compression  cooling  unit 

•  of  3' ton's  capacity,  equivalent:  to  the^ibove,  would  refquir.e  an  investment 

'    \  :      '    '    ^  * 

of  ab'out  $1500.  '  At  a  coaling  COP  of  *abou-t  2.0,  2,500  ton-hours^  of 

cooling  recjuire  ^^bout  3750  W lowatt"- hours  of  .eTectri.c* energy.    At  3  cents 

per  kilowatt-hour,  the  test'tff  electricity  would  -be  $112.50  per  year.  . 

Adding  $150  annualized  cost  of  the' equipment,  ^approximately  $262  per 

*  7garj  v/oul4.prpyjd,e  2^5,00. toHrhour^  of  cooling.    Thg.cp^  per  ton-hour 

■     •     •       %  633  '  .  - 
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'         is, therefoi^'e, approximately  10. 3  cehts.    On  the  .basis,  of  the  costs  assujned 

i      /         ^  ,  •  s  '  *  * 

in  this  5iaiple  comparison^  solar  cooling. is  Competitive  with  conventional 
*   J  *         '  ,     '  ■         /     ^      . '  ^ .  ,    .  ;^     "  / 

'      *  vapor*-compression  codUng*  -  '       s      '    '      -  ' 

.  '  *  »  .  ^  • 

Fi$r  purposes  of  this  ilJustration,  electric  power  cost  of  3  cents 

per  kilowatt-hoOr  was  ch*osen.    However,  'in  many  parts  *of  the  country^ 

electricity-costs  ^arfe  much  higher.  ^  It  i"§^  easily  seen^therefore,"  lhat 

with  electricity^costs- of ,3 'to  5  cents  in  selected  part's  of  the  country, 

.    solar  energy  for'cooTi^ng  can  be^  quite  cdmpetittve.    The  critical 

'assumptions  made  i:n  this  analysis 'were  , that  the  capital* 'cost,  of  the  "  ^ 

^  solar  cooling  unit  was  apprjoximately  ^$25'60  and  the  balance  of  the  solar 

system  is  economically  justified  by' the.  hearting  demand.    Obviously,  if  the 

capital  cost  of  the  cooling*  unit  is  higher, -or'-part  of  the  solar 'collectors-,, 

stdpage  tank,  and  ancillary  equi'pfnent  is  to  be  charged  to- the /solar 

cooling  sy^Btem,  then  solar  coo3ing*^is;riot  competitive  with  conventional' 

•  _  systems  with  electricity  at  3  cents,  per  kilowatt- hour  >pr  less^.^  The  fdst 
'  of  a  li thium-bron^fde  absorption  v^ater  chiller  from  one  manufacturer,  is* 

reported  to  cost  ,4Pproxim'a,tely  $6,000.    If  the  cap^ital  cost  is  indee<t 

•      .  -  ^'  '  .   .     ^\    '  .  '      ^  "  \' 

^  tha^  large,  solar  cool-ing*is  ffot  pres'ehtly  econmicaV.  "It  should  be  \f 

*  /     I    '    i  ' »  J ' 

noted ,^  however,  that  the  high  c'ost  inay.be''.the,.'restfU  of  .l(ii/,4)roduction 

'    -  '  ^ .  •     ^  ;         .  '\ 

quantity.    It  is  likely  th^l.with  mas$-pr;oducea  quantiti'es  of  the  solar 
xpoling  unit,  the  cost  can  be/educecj  substanttally..  Nevertheless, 

*  because  lai:ge  quantities  of  Solar  cooling  units  *are -not  likely  to  be  in 
demand,  for  at  least  a  few* ye3»»s ,  solai' rcoojinfj  is  not  pr;esfently  an   .    '  ' 
economiG  alternative.'  Within  the  nex.t  few  years",,  however,  the  situation 

'  is  expected  to  change.  .        ^  '.  . 
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-trMnee-oriented  objective 


.INTROPUCTION 


/  : 


To  become  aware  of  the  computer-^ided  design  prqgrams  that  are 
ava.ilable'^r  the  design  of  sys'tenis^at  d\  not  fit  within  the  material 
which  has  been  previously  presented* 


SUB-OBJECTIVES  "  .         ■  \  » 

 ^       V  A,  .      -  • 

1.  To  gain  some  fam'iliari^ly  wfth  TRNSYSi      ^  " 

2.  TO'gain  some  familiarity  with.SIMSHAC^^ 
To  *learn 'about  the  Martin-Marielta/ERDA  Program  that  ^ 
Is  under  development*.,  i--       *  '  ,  " 

•  I 

The  design  techniques  that  have  been  presented  earlier  during  the    ^  * 

coulee  are  based  upon  "standard"  s^stem^  arrangements .    If  one  were  to 

use  these  techniques  for  a  situation  that  was .qui te  different  from  the 

standard  cd?if igurations ,  th^^the  predicted  system  performance  would 

likely  be  in  error.    As  a  specific  example,  if  one  wanted  to  use  the 

Owens-Illinois  Evaci^ated  Tube  Collector  iFi  a  system,  then  some  modification 

of  thaler  forma  nee  curves  that  ar^  [Presented  .in  Module  7  is  required. 

As  another  example', '  suppose  one  Avjjhed  to^ase'a  solar-augmented  heat  pump 

in'a  design\    The  design. methods  presented  previously  would  not  apply 

to  the  design  of  such  a  system.    In  order  to  design  various  "non-standard" 

/  *  <  ^  . 

systems,  several  computer-aided^-desjgn  programs  have  been  deyeToped.  These 
programs  simulaT;e  the  performance  of  systems  using  numerical  models  of 
specific  components  that  may  be  found-in  solar  heating  and  coolSirg  systems^ 
for  buildings.    The  user  oT  these  programs  can  include  the  appropriate 
component  models  to  assemble  a  coroplete^^solar  hearting  and/or  cooling  system, 

.    V  .636 
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and  proceed  to  simulate  the  performance  of  this  system  with  particular 
climatQlogical  conditions.    Wi th .computer  simulation  of  systems,  the  effect 
of  different  control  strategies  can  be  investigated  to  determine  varia- 
tions in' an  overall  system  performance  due*  to  changes  in  the  size  or.  type 
of  any  component  of  the  system.    Computer  simulation  progr'ams  are  valuable 
analysis  and  design  tools.  •  •  x  . 

there  are  two  primary  programs  in  this  category  at  the^  presenT^tlme  . 
and  a  third  is  presently  being  developed.    The  first  of  these  programs 
,  is  TRNSYSr  developed  by 'faculty  arid 'students  at  the  University  of  Wi  scons  il^. 
f  TRNSYS  has  be^n  widely  disseminated  and  is  extensively  used.    The  f)rogram, 
.  a  user's  manual  and^  documentation  of  ^the  program;  are. available  from  the 
•Solar  Energy  Laboratory  at  the  University  of  Wisconsin  in  Madison.  The'_ 
program  has  been'checked'  for  internal  consistencies  (that  is,  verified),^ 
but  has  not  yet  been  valida^d  against  actual  performance  dat-a  for  a  ^  , 
solar  heated    and/or  cooled  building.    The  ijiodel  validation  process  is 
'taking  place  as  system  performance  data  become  available. 

fsecond  of  these  computer-aided  desiqn  prbgr^s  is  SIMSHAC^  an       '  • 
acronym  for  SIMuVation  of  Solar  Heating  And  Cooling  Systems.   «This         |  ' 
program  was  d*eveloped  by  Gearold  R.  Johnson  and  C  Byron  Winn  ,  and  some 
of  their  associa^te$*at  Colorado  State  University  ^nd  has  been' used  in  the 
design  of  severaU  solar  systems  that  have  been  constructed.    The.  program  * 
will  be  rel^sed  as  soon  as  the  dofftimentation  is  completed.    SIMSHAC,  as 
is.  the  case  with  TRNSYS,  has  been  verified- sp  that  users  may  be  assured 
there  are  no  programming  errors.    In  addition,,  it  has  been  validated 
against  actual  performance  data  of  *  CSU  Solar  House  I.  \        •  ^ 


18-3 


The  third  computer-aided  design  program,  SOLCOST,  developed     _.  ^ 
by  the  Martin-Marietta  Corporation,  was  scheduled  to  be  released  ^ 
in  1977.    SOLCOST  differs  from  TRNSYS  and  SIMSHAC  in  that  -the  user  '    "*  ,  ' 

.does  not  have  any  contact  with  computer  inputs*.    The  user  simply  ...  / 

completes  a  fbrm  that  describes  the  structure,  the  solar  system  ' 
componer^^osand  the  locafi'on ,'^and  a  pre-pt;ocessor  provides  ' 
informatipin  required  by  the  c#iputer  design  , program.    The-*advantage  ' 
is  thai;  a  pVson  completfely  unfamiliar  with  computijig  can  still  m^ke 

-use  of  this  automated  design  tool, 

''*^''''^*>14sthree , programs  are  similar  in  their  basi^  approach.    The-  -  - 
•  *•      .  . 
details  of  SOLCOST,  TRNSYS,  and  SIMSHAC  can  be  obtained  by  writing 

to  the  developers' of  the  programs. 

The  objective  of  automated  design  tools  is  to  provide  generalised 

solar  energy  system  sizing  and  simulation  programs  which  will  be. readily* 

available  and  usable  by  all  segments  of  the  solar, energy  community. 


At  Martin-Marietta,  ^the ''approach  for  achieving  this  objective  consists 
of  expanding  the  Martin  Interactive  Thermal  Ana lysi,s  System  (MiTAS) 
into  two  solar  programs:  ^ 

1^.  50LC0ST  -  A  simplified  solar  system  design  method  for  the  non- 
engineer  user.  The  program  computes  an  optimum  collfecti)r  area 
and  tilt  angle  from  an  analysis  of  life-c^cle  cost  differences 
for  a  solar  system  versus  a  reference  (conventional)  HVAC  system. 


If  the  user  needs  a  heating  and/or  cool-ing  load  calculation, 
SQLCOST  can  compute  it  us' 
contained  In  the  program. 


SQLCOST  can  compute  it  using  a  generalized  thermal  network 
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.2.     SOLSIM  -  Th.is  program  performs  system  simulations  for  .the  engineering 
user  who  is  familiar  with  thermal  network  methods.    The  plan  is 
to  provide  MiTAS  input  (Jecks  for^a  minimum  of  five  typical 

9 

•   solar  systems.    Starting  with  these  basic  systems,  the  user  ^ 
familiar  with  thermal  network  methoc^s^^n  readily  modify  the 
input  to  model  his  unique  solar  system. 
S0Le6S1^is  discys|ed  in  this  course  because  it  relates  closely  to 
the'timaterial  that  has  been  presentefl  in  previous  modules.    Refer  to  the' 
SOLCOS'X,l>sers  Manual  (supplementary  handout),  prepared  by  the  Martin- 
Maf'ietta  Corporation.  '  ,     ■  - 
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IN'TROOUCUQN' 


.^^•The  oldest 'and  sim|51est  domestic  use  of  solar _energy"1ft^or  heattngJ^ 
watfr.    Solar  hot  water  heJters  were  use^'in  the  Oni te^j^«.es*at-4;east 
75  year^  ago",  first  in  southerfrCal i foxnia  and  later  i^m%hern  Flo^d^. 


'^tj^^         ^^""^^  ^"  southerh'Califoj^nia  and  later  in^ffu|hei 
»  A^^l^h  the  use- of  sola'r  water -heaters 'in  these'  regions  declined  during 

ttie  last  40  years-,  use  in  Austral  ia ,  .fsrae? ,  and  japan  has  risen  rapidly,, 

>  ^    .  /'  f 

pajjticularl^y  in  the' 1^1v.''l5  i'ears."    '  ■    '  .- 

1%  ^'        -     ■  ■        '  ./  -  ' 

In  its  simplest  form,- a  solar  water  heater  qomprises  a  fTat-plate 

*"  '  •  ■       *.        ■     *     .'  :      '       ^  , 

water  heatin^col lector  and  an  insulatecl  storage  tank  pDsi'tionecT  at  3 
.  *  '  ^      .  ^  ■       •  ■        \  ^ 

higher  le.vel  than  the  collector.    These  cojnponent^ ,  connected  to\  the 

coiy -wduer  .main  dna>  tne,not  water-service  , piping  in  the  dwelling,  provi^~;p^ 

jno^t^of' tWejhot  water  requ'i rements  in- a  -sunny  cHjifate;    Nearly  all  o'f 

the  soljar  }^t  water  systems  iised  in  the  Untted  States  have  been  of  this 


type. 


1  . 


The.^)bjectives  are  to-^choose  a^art^cular  arfangeme^it -suitable  for 

a  given  locationfpiize  the  system  for  a  given  collector  type'vand' hot'  * 

i -    .      ■    •  .     '■     .    ■       -  " 

water  requirement,  install  tf\e  sys^m,  and  ?e*  confident  of -sati sfactory 

operation.    l;rom  the  Contents  of 


to.: 


this  module  the^  trainee  shoul be'able 


1:' 


2. 


s 


3. 


•Ide/itify  the  type§  of  domestic  hot  water  systems'" 
a^va liable,    •  '  ,  ^  .    '  -    -       -  ^ 

Select  a  domestic -hot  water  .lys tern  for  a  particular  ^ 
location  and  apptica.tion,     ^  . 
Integrate  a  domestic  hot  ^ater*. , system  J n^o  a  sprfce 
heating  systfem, ,  ^      ^\  *  »  • 


4,     Install  and  put  into  ope^wtion  a  domestic  hot  system;^* 
Maintain  a  domestic  hx)t  water  system.     •  "  ;  .^^ 

Tt-PgS  AND  CHARACTERISTIC^F  SQLAR  HOT,  WATER  HEATERS  • 


'     Most  of  the  so>ar  water  heaters  that  have  befen  experimentally  and 
.  commercial ly  used  can  be  pTace"d  in  two  main  groups:  *  ,  - 

1.  x  Circulating  types,  irivolving  the  supply^of  solar  heat^  - 
"    •  to  a  fluid  circulating  through  a  collector  an^  storage 

of  hot  water  in  a  separate  tank     *   .  ' 

2.  Non-circulaUng  types,  involving  the  use  of  wafer  ^ 
*    containers-ujat  serve  both  as  solar  cpl lector  and 

^   ■  .storage.  <  ,  ^ 

The  circulating  group  may  be  tiivided'fnto  the  .foil owi.n|  types  and  sub-types:' 
1."  ^Direct  heatihg,  single-fluid  types  in  which  the  water     •  ' 

^^eated  df recti y  in  the, collector,  by:  .  ^       ^  .  r 

a.  Thermos ipfit^n  circulation  between  collector  artd  . 
'Storage     •  "  .  * 

b.  Pumped  circul  a  tijDn.hit^een  cqlleciPf  and  stoi^^age  .  ^ 
*     ^  2.     Indii'ect  heating,  dual -flu'ia' types  in  which  a  non- 

freezing\medium  is  circulated  through  the  collector,  , 


for  subsequent- heat  exchahcie  with  w.a'fer,  when: 


a. 


Heat  tran^^er  medidmis  a  non-freezing  liquid 


b,.   '  Heat  transfer  medium  is  air.  , 


DBREtT.HEAIINGrtHERMOSIPHON  CIRDULAT-ING  TYPE  ' 

The  most  conmoh  type  of  solar  .water  heater,  used  a'^most  exclusively  in 
-freezing. climates,  is  shown  in  Figure.l9-t.  The'  collector,  usually 


non 


\  ■ 


1^-3 


Cold 


6»  . 


Collector 


Storage 
'.Tank  ^ 


/igbi^e  19-1.  "Direct  HWing  Thermosiphon  Circulation  Type  Qf  Solar 
-  -water  Heater     .   .  .        \  ' 


it 


singje„^>azed,  may" vary  >in  size  from  about  30  square  feet  to  80  square 

tny^sulated  storage  tank'is  commonly,  in  the' range  of  40  to 
"r.         8Q'^^ganons;cap^ac,ity, ,  The  hot  wdter  requirements,  of  a  family  of  'four  ' 
^     persons. can  usually  be  met  by.a  system^i-n  the  middle  of  this  size  range. 
:  -      in  a  sunny  cl imate. .  :Operatibn  at'  supply  line  pressure  can  be  .provided  if 
•  -the  system  is  so  designed.  ,  With  a  fToat  valve  .in  the" storage' tank  or  in 
,     -  "    3"  elevated  h^ead  tank,.  unpr4s-surized  operation  can  be'^u1>i]ized  if  the 
•   ^  -  system  Js  not  designed -for  pressyfe.    In  the' latter  case, -.gravity  flow 
,  /pom  the  hot  water  tan>  to.ho^ater  faucet5  would  have  to  be  Accepted, 
:,    /.or  an  automatic  "pump.  woul/i;ay.e!....tV'be  provided  in  the"  hot,  water'line'to 
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'supply  pressure  SBV^vice.    Plumbing  systems  and  fixtures  in  the  United  * 
:  states  normally  require  the  pressurized  system.  v 

^JLocation*  oTthe  .tank  higher  than  the  top  of  the^^^?o11  ector  permits 
,  Girculaf^ii)n  of  water  frpm^the  Bottom  of  tf4''tank  through  th^  collector  . 
^'and  ^Jck-  to  the  top  of  tf]e  tank.    Tha  density  difference  between.cold 
and  ho.t  water  produces  fhe  circulating^  flow..  Temperature  stratification 

in^the'stor^ge  tank-permits  pper^tion  of  the  -calfector  under  most' fayorabl e 

V  .     ^  ■  .    '  \    '  .  '  t    '  *^ 

'-conditiogs,  water'^at^ the  lorwest -avail alfle  temperature'^ ..being  supplied, to 

the  collector  and  the  highest  av.ailable  temperature  being  provided"  to' 
/    '        .  ^.     .  '  '       /      '  r  '  '"^ 
*  service.    Circulation  oqa^urs  cfnl.y  when  ^olar^  energy  is  being  received;  so. 

*'<  the  system  is*  self-controlliitg,  '  ThV  higher  iithe.racjiaj:^  the.^  '  . 

-meat^r  ihe  heating 'and  the  mare  rapid'^the  cN^rculating  rate,  will  Be.  In 

a  typic'al •col lector  under  a  full  sun,.^a  te/nperatiffe  rtse^  of  15°F  to  20""? 

is  .cbnjnoply'realized  in  a  single  parss  through  the  collector.     ;   /  ^ 

«         Jo  prevent  reserve  circulation  ai^  coolii^g  of  stored  water  when  no 

#61  ar  energy  is  being  recei,ved,  the  bottom  of  the  tank  shpuld  be  located 
^    above  the  tbp  header.of  the  collector,    ff  the  collector. is  on  a'.house' 
*    roof,  the  tank 'may,  a^I  so  be' on  the  roo.f  or*  irt  the*attic  .space  ben^atha  ^ 
Sloping  rooi.  '  ^  •  -  *  -  * 

Although  seldom  use^  in  cold  climates ,nhe  thermosiphoji  type  of    ^  • 


rom 


"    solar  water  heater  (sto4jage  tank  ^bove  collector)    can  be 

<> 

^   freezing  by  jiraining^ the.  collector.    To  avoid  draining  tfie  storfp^  tank 
■>s3^o,  thermostatically  acttJ^ted' valves  in  the  lines  between  pollector  and  ▼ 
.    storage  tank  must  tljDse  when- freezing- -threaten's ,  a,  col  1  ector-drai n  va]ve  •  • 
must'open,  and  a  collector. vent „valve* must  alsb  open.    Th'e  collector' wil''l 
then  drain, and  air  will  gnter  the  collector  tubes';    Water  in  the  storage.  • 
tank,  erther  inside- the  h«Sated  space  o>  suffficlen'tly, w.el  1-  insulated  to 
avoid  freezing,  -does^t  enter  thj^ '.coll eCtor.  during  the  period  when 


s<ib-freezrng- temperatures  threaten.    Resumption  of  operation  Yequirps 
■  clos'ure.of  the  drain.'and  vent  valves  and  opening  of'the  valves  in  the'  ' 
'   circ-ulating  line.  The  possibility  of  control  failure  or  valve  malfunction 
makes  this  complex' system  unattractive  in  freezing  climates.-  ^ 

•    ."Direct  heating,  pump' circulation  types  * 

•       '  If  placement 'of' tHe  .Storage  tank  above  the  collector  .1s*inconvenieat 

.or  .impossible,  the.  ta^ftk  may  he  locc^ted  bel ow, the  coll ector  and  a  small 

,  .  '  pumpr  used  .for- circulating  water  between  collector  jand  storage  tank.  This 

'  .  arrangement  is'  usually  rnb're  practical'  than  the . thermos iphon  t:ype  in  -the 

.-United  States,  because  the"  col  lector  would  of{en  be  located  on  the  roof 

with  a-  storage  tank  in  the  basement.    Instead  of  thermosiphon-ctrculation 

.  whefL'the  sun.'Sh'ines\  a  temperature  sensor,  actuates  a  stnalV  pump  which  ^  ' 

.  • .  cipculates' water /through  the  collector-storage  loop.  A  schemati'C  arra'nge- 
■    T   '    '  -        ,  -  '     '  '  .• 

.    '  _    ment'i's  sRowa  in  Figijre-T9-2:  To  obtain  maximum  utiTi^ation  of  solar,  ene^-gy 

'    .     ,      ^.  ■         Cold  Supply  i  .      •  / 


Figure  15-2.  Direct  Heating, -Puftip  Circi/lation  Type  , of  Solar  Water  Heater 


.   .    '      .  19-6  '    ^     .  . 

,    *         • .      ^  -       •  •         .  • 

controV  is  Based  on  the  difference'irv  water  temperature  at-call ector. ,  / 
^    outlet  and  bottom  of- storage- tank.    Whenever  thiS  differente  exceeds  a 
'    preset  number  of  degrees,        10^T~^  the-pump  motor  is  actuated.*  The, 
sensor  at  the  ebllector'outlet  must  be  located  .close , enough  to  the  col- 
lec'tor  so  that  it  "is  affected  by  collector  temperature  even  when  the 
punJp  is^pot  running;    Similarly,  the  sensor  in  the*-storage  tank  should 
^^H^located;     or  neajr  the  bottom  outlet  from  which  the  collector,  is  ^  ^ 
'    ■     supplied.    When  the  temperature  difference  falls  below  the,  preset  value, 

.  *      r  .  •  '  > 

]         .  the  pump  is  shut. off  and  circulation  ceases,^  To  prevent^^ve/se*^h*^rmoY 
siphon\circulation  and  consequent  waiter  cooling  when  ho  soTeIr  energy  is 
being  received^  a  check  vValve  shouJd  be  lojcated  iir  the  circulation  line. 
*    -  If  hot  water  use      not  sufficient  to  maintain  storage  ta-nk  tempera- 

i      \  ture  at  normal  levels  "(^during  several  days -of  non-use), '.boil ing  may  ^ 
occur^in  the  collector.-  If  a  check  valve  or^pressure-^redticing  valvdl* 


LC 


prohibits  back  flow  from  the  storage. tank  into  the, main,  ^a  relief  val.ve 
must  be  provided  in  the  collector-storage  lot)p/  The  relief  valve  wiVK 
permit  the  escape  of  steam  and  prevent  damage  to  the  system. 


DIRECT  HEATINQ..  PUMP  CrRCULATION.  "DRAINA^'lE  TYPES  ; 

If  the  s'olar  wa'ter .heater  de-scribed  -above  is  used  'in  a  col^ cl imate*  • 
it  may  be  protected  from  freeze  damage  by  draining^ the  collector  when  - 
sub*-freezing  temperatures  are  enpountered. .  'Several  me'thods  can  be  used.^/ 
Their  cprilnon  .y^quiremen^,  however,  i-s  reliability,  ev§n  when  el^ectric^"  n 

"  power' may  not  be  civaUablgl    Qri^  method  is  shown^in  Figure  ]9^*  /  . 

/         Drainage  df  the  coMector  in'freezing  weather  c!{h  hg/atcofnplished  - 
by  au^rjcrfic  valves*wh1ch  provide  water  outflow  to  a  dr§1n  (sewfir)  and 
the  inflow!of  air'td  the  col lectpr. Tfje  control  system  can  be  anranged 


^  that  whenever  tjie  circularting  pijmp  is  not  in  ^6p?  rati  on,'  thes;^  two 
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^    Figure  19-3..   SoUr  Water  Heater  with  Freeze  Protection  by  Automatic  Collector  Drainaoe 
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valves  are  open.    To  assure  maximum  reliabil ity,  the  valves  should, be 
mechanically  driven  to  the  drain  position  (by  springs  or  other  means), 
rather  than  electrically,  so  t+iat  in  "the  event  of  a  power  failure,  the 
coTlector  cai^-automatical ly  drain'.  •  .     -    .  . 

The  dra^inage  sys tent  shown  in  Figure  V9-3*i^  aptuated  by  the  tempera 
tu're  sensor,  T^,  in  the 'coll  ector.    Wherr  the  sensor  indicates  a  possi- 
bility  of  freezing,  it  can  open  the  drainage  and  vent  valves,  thereby 
providing  protection.    The  temperature  sensor  can  be  of  the  vapor 
pressure  type,  with- capillary' tube  connections  to  .mechanical  valve 
actuators,  or  of  the  electrical  type  Where  the  Valves  are  held  open 
by  electrical  means,  automat'^felly  closing  either  when  electrical 
failure  o.ccurs,  or  atjow  temperatures. 

Anoth^  possibility  for  xlrainage  of  the  collector  is  based  on  use 
of  a  non-pressurizfed  collector  and  storage  assembly'as  shown  in  Figure 
19-4f  A'float  valve-in  the  storage  tank'controls  the  admission  of  cold 

I   U  4 

water  to  the  tank,  and  a  pump  in  the  hot  water  distribution  system  ^an 
.furnish  the  necessary  servi,ce  pressure.    With  this  design,  the  solar 
collector  drains  into  the  storage  tank  whenever^he  pump  is  not 
operating,  as  air  enters  the  collec,tor  through  a  vent. 

Start-up  of  any  of  then^ented-lol lector  systems  must  permit  the 
'^ispj.acement  of  air  from  the  collector.    In  either  the  line-pressure 
$ysten1  or  'the  u/^ress^urized  system,  the  entry  of  water  into  the, ' 
collector  (from  the  shut-off  valve  or  pump)'*  forces  air  from  the 
collector' tubes  a"s  long  as  the  vent  remains  open.^  The  vent  v.alve 
design  can  be  of /a  type  which  ^automatically  passes  air  but  shuts  off 
when  water  reaches  it.  ^  ^' 
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Figure  19-4.    Unpressurized  Vented  Solar  Water 
Heater  System  , 


*     '     ■  .     19-10  '     .  . 

CIRCULATING  TYPE>  INDIRECT  HEAJING  -  *  '"^ 

As  can  be  inferred  from  the  aboye  discussions  of- needs  and  means  for 

♦  *  .  ^*  \  . 

collector  drainage  in  freezing  climates,  costs  and  hazards  are  involved 

*'.>*'»  "  ;  , 

with  those  systems.  'The  drainage  requirement  c^  be  eliminated. by  the 

use  of  a  pon-freezing  Heat  transfer  medium  in  the  solar  collector,  and  a 

heat  exchanger  (inside  the  bu^'lding)  for  transfer  of  heat  from  the  solar   

heat  collecting  medium  to  the  service  water.    The  collector  need  never 

be  drained,  and  there  is  no  risk  of  freezing  and  ^damage.    Corrosion  rate 

in  the  wet  collector  tubes  is' also  decreasejl  when  intermittent  admission 

of  oxygen  is  not  required.  - .     ^     .        .  '      -  ^  * 

Liquid  Transfer  Medfa       .    ^  .  '   

Figure  19-5  illustrates  a  method  for  ^oTar  water  heating  with -a 
liquid  heat  transfer  medium  fn  the  solar  collector.    The  most  commonly 

used,  liquid  is  a  solut'ion  Of  ethylene  glycol  (which  is  common  automobile 

•  '        '  ^  *        /'  •  ^ 

radiator  antifreeze)  in  water.    A  pump  circulates  this  unpressurized 

solution,  as  ,in  the  dir^t  water  heSiting  system,  and  deliverj  theJiquid 

to  and  through  a.-liquid-to-liquid  heat  exchanger.  Simultaneously,* 

another  pump  circulates  domestic  water  from  the  storage, tank  thiroagH       ^  , 

the  exchanger,  back  to'storage.  The  control  system  is  jessetitially  the     »  ■ 

same  a§  th^t  in  the  d^ign  employing  water  in  the  collector  directly. 

If  the  heat  exchanger  is  located  belBw  the  batton  of  the  "^torage  tank^ 

and  if  the  pipe  sizes  and  heat,  exchanger  design  are  adeqU^te,  thermo-  ^ 

siphon  .circulation  of  water/througlr  the  heaCexchanger  can  be  used.  A 

small  expansion  tank  needs  to  be  4)rovided  in  the  collector  loop,  pref- 


^   ■  era,b1-y  nearUhe  high  point  of  thessystem,  with  a  vent  to^he  atmosphiere. 

•  .  '  ,  To  meet  mos^  code  requirementsf,  the  hea"^  exchanger  must  be,of  a" 

%   .      design  such  that, ruptur'e  ar  corrosion  failure  will  not  permitMow  ffoni 

ERIC   .  •>    .    .       .  '  .        •  .  .  ; 
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Figure  19-5:  Dual  Uiquid  Solar  Hot  Water  Heater 

■. N  - .  ■  J  .  ■ 

the  collector  loop  into  the  domestic  watef^  even  .if  pressure  on  the  wa,ter 

side  of  the  exchange^  dr(5ffs  below  that  on  the  antifi^g^e-'si'de.  -  A'con- 

ventjonal  tube-atid-shell  exchanger  would  therefore  not  usual ly^^be 

^a^rceptable'.    Similarly^  a  c(g^  insicie  the  storage  tank,^  tl%*ough  which 

the  collector  ft yid  is  circulated,  would  not  be  satisfactory.^  Parallel  . 

tubes  with  metaV  bonds  between- them,  so  that  perforation  of  one'tube^  ' 

could  not  result  in  liquid  entryonto* the  other  tube,  would  be  a  suitable^, 

•        *  .  .  .  .  * 

design..   A  finned  tube 'air-to-l.iqujd  heat  exchanger  cQuld  a>so  be  us^  by- 

giJ^lating  the  ^wo  li<|uids  through  ailternate  rows  6f  tubes,  healt  transfer 

-b^ng  by  conduction  through  the  fins,       -      ^    .  '  / 

Although  aqueous'' solutions  of  ethylene  gjycol  ahfid'prop^^lene  glycol 

:appear  to  be  most  practical-for  solar  eneVgy  collection, .organic  liquids 
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such  as  Dowtherm  D  and  Therminol  55  may  be  .employed.''  Price  and  yisboslty 
ais^rawbacks,  byt  chemical  stability  and^assurance.again.'St  boj>_ing;^re '  "* " . 
advantages  over  the  antifreeze  mixtures.      •  ,  •     .        *  ^\ 

Solar  Collection  in  Heated  Air  '4  .  *  . 

la  a  maimer*  similar fto  tha't' described  immediately  above;  solar  energy 
can  be  employed  in  an  air  heating  collector  with  subsequent  transfer  to  , 
domestic  water  in  an  air-to-wciter  heat  exchanger.    Figure  19-6  illqstrates  ^ 
a  method  forfdib'ploying  thfs  concept.    A  solar  air  heater  is  supplied  with 
air  from*«J|;ISlowe^^    the  air  is  heated  by  passage  through  the  collectcMf% 
a'nd  .the  hot  air  is  then  cooled  in  the- heat  exchangee  through, which  domestiq 
water  from  a  ^||rage  tank  is  either  being  pumped  or  is  i:trculating  by. 
tWrmosiphon  action.  .Air  from  the  .heat-exchanger  is*  recirculated  to  the  * 
collector.'       ferent'j^al  temperature  control  (between  col  lector  and  stor-\ 
age)  is  employed  as  >n  the  atlier  systems' described,*  Advantages  of  the^air 
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Figure  19-6'.  Solar  Hot  Walter  Heater 'With  Air  Collectors 
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*ea^  tra-nsfer  medi-urfi  are  th£ 'absence  of  corrosion  in  the  collector  loop,  ' 
freedom-  from  liquid  leakage,  and  freedom  from  boiling  and  Toss  ofcollec-  ' 
tor  fluid.    Disadvagtages  are  the  larger  conduit  between  cbVlettor  ag^ 
heat  exctrangeK  hi'aj^  power  consumption  for -circulation^'/and  ^^.lightly 
j^'   laVger  collector  surface  retirements.  '  ^         ,  ' 


.  •  NOI^^CIRCULATING.TYPE      '  ^ 

'       '\%       '  ,     '  '  ^  '    •  ■  ■ 

•"Althougji  probably  of  I'ittle  potential 'interest  fn  the  Un'tted  States, 

'a  tj^pe  of  .solar  water  heater  extensively  used^in  Japan  involves  beat 

:  ^  '  '  ■     ■       ^  .      "  '  / 

xc^llefition  and  water  storage  in  the  same, unit.    The  most  cpmmort  type 

.  '^        • .       %       '  *  *  ^  V 

comprises  a  set  of  black  plastic  tubes  about  six  inches  tn  diameter  arfd 

*    '  )        '     ' .  ^  .  '  •        '    *^  •  .  ^ ' 

/  "  iteyeral  ^feet  long'^iri^.a  glas-s-^vered' box.    Usual  ly  counted  jj>.  a  tilted-- 

position,  t^e'tubes  are^^illed  each. mocning  .with  water  in  which 


Isolai^hea't  is  collected  throughout  the  day.  /The  filliRfl  can  be^^com- 
"pli^h^d^by  a  float-contrqlled,  va\ve  and  a.  small' supply  tank.    LatB  in^ 
the 'day,    hearted  water  can  ^be  .drained  from  the^  tubes  far  househpl^^  use,. 

>  '  '        . •  *    ^ :  ^     ■  ^     ^ .  "  . 

'      In  tff'pical  Japanese  installations,  non-pi^e?surized  hot  watjpr  service*is 
thus  provided.  "H^t  Jots  f^om  the  system  is  si/ff  jcjently  high  at' night 
•   -that  hot  wat^  i^  usually  not  available  untTI  several  hours  after  sunris'e, 

\:    'i'  '    AUXILIARY '"HEAT  \      .  \  "  , 


\ 


'  A  dependable  supply  of  hot  water  ^requires  the  av^il&bility  of  ^       ^  '  . 
'aiixiliary^pat  *for  supprlementing  the  solaf'  source*  "The  numerpus  methods 
^o*f  .providing  auxiliary Jrcat  v^ry  in  cost  and  effecti /eness.    A  .ge*ner&T 
principlB*'for  jfntfkimizing  solar  supply  and  minimizing  alixiYfary  use  is  .  ^  >> 
the  4yoi  dance  of  ..direct  or  iiidirect  au)^iliary  heat  inpjjt  to  the  flQid  . 


.  '  ;  19-14      -    ^  . '     :  ./ 

4  -     .  .  ^  ■  ^        .     .  _  . 

'  I  -  * 

entering,  the  "solar  xoll.ec.tor'.    If  auJ^il  iary.  heat  /s  added  to  the  solar 

hot  water  storage  lank-,  so  that  the  temperature  of  the  liquid  supplied 

to  the  collector  is.Jncreased 'above^  that  which  only  the  solar  system' 

wou)ld  provide,  efficiency  is  reduced  because  cJf  h'igher  heBt  lossfes  from 

the  collector.    Thus,  auxiliary  heat  should  be  added  at  a  point  beyond 

(downstream  "from)  the  solar  coll'ector-storage  Vystem^    Figures  19-3  a'nd  19-4 

shbw  a  conventional  gas-fired  hot^water  heater  being  s-upplied  i^ith  -hot 

water  from  the  solar  tank  ,(v?h^never  a  hot  water  tap  is  opened).    Any  '  * 

deficiency  in  temperature  is  made  ^p,  by  >fueV  in  the  thermostatted  coaven- 

tional  heater.    AlteVna-tively,,^  "fast  response",  in-line,  heater  can  be^ 

employed.    It  is  evident  tha.t  auxiliary  heat  supply  in  these  designs 

cannot  adversely  affect  the  operation  bf  the  solar  system.      .  r  - 

''Another  way  in  which  auxiliary  heat  can  be  used^without  reducing  solar 

collection  efficiency' i s  by  electric  resistance  jieat.ers'  in  the  i/pper  portion 

*   -     *^  •    '  *  ^  *  \ 

bf  the-solar  storagfe  ^tank,.  as  shown  in  "Figure  1,9-2.  Temperature,  strati fica-^ 

*tion  in. the  tank^  accomplished  by  bringing  cold  waiter  from  th'e-main  into  \ 

the  bottomland  by  circulating^  throggh/the  collector  from  the  bottom  bf  the 

tank  to  the.  upper  portion  of  the  tank,  thereby  pr&vej>ts, auxiliary  hecit     ^  ■ 

'-^  % 

^  f rom  increasing  the  temperature votf  the  waiter  suppljed  to  the  collector/. 

%     ^ '  >     \    '        '        *  '     '  ^  " 

wAer  returning  fi;om  the  collector\^\be  l^rpugh^  into  the  tank  well  Wlow. 

t>   ^  '*  '  ^  '  .  ^   '  ^ 

the  lever  of  the  resistance  heater  (as  shown  by  the  "dashed  line)i*4onhat"  ^ 

the  h^t  s V -s(s  a  1  wa y s ' "a v a i  1  a bl e  at'^'the.  thermostatted  terjperature.  In 

effect,  the' two  taliks  shown  fn  Figures  19-3  and  4^9-4  are  .fombined  into  one, 

wit-h:  temperdtlife^tratific'ation  ^provjding  a  seplrati-on.  -'The,  total  amount  / 

*of  storage  .is,  of  course,  reduQed^unless  the  one. tank  is  incleased  in  size.' 

^  If  TreTatiVely  Bigh  temperature  Wa|er  is  de^^p,  there  may  be  an  unpLesir-  * 


.able  influence  of  auxiliary  supply  on  collector  effiQiency  because  of^some 
mixing  in  tffe  tafik.  ^  ^        .  *        ,       '      .  .  /    ,  ' 


Although  the  description  of  the  above  systems  refers  to  direct 
^circulation  of  water  through  the  co^Jector,  the  same  factors  apply  to 
the  systems 'involving  heat  e;(change  with  antifreeze  solutions  or  air 
circulating  through  the  coUectpr.    Iii  all  cases,  auxiliary  hjeat  should 
be"i\jpplied  dpwnstream  from  the  solar  stoi^age  tank,  regardless  of  whether 
the,  water  itself  is  circulated  through  the  collector  or  whether  heat  is 
exchanged  between  the  domestic  water  and  a  solar  heat  transfer  fluid. 


LOCATION  OF; eOLLECTORS 


If  the  slope' and  orientation  of  a. roof  is^suitable,  the  most  econom^ 
ical  Jocafeion  for  a  solar  collectof'in  a  residential  water  heating  s^^em 
is  on  the  south-facing  port^ion  of.  the  roof.    The  cost  of  a  <&tructure  to  » 
,  support  the  col^ectdr  is ''thereby  el  iminatedj^^nd  pipe  or  d^uct  cpnnfec^ons 
-'to  t|ie  conventional  hot  water  system  are  usually  convenient\  In  new 
dwel  1  ingSj-most  -installations  can  be  expected  on -the  house  roof.  Even 

in  retrofitting  existing  dwellings  with  solar  w^ter  heaters,  a^suitable  '  ^ 

♦     i»  • 

roof  location,  can  usually  be  provided.  '  v 

If  the  mounting  of  col  1  ectors/on\itij&;  roof  ^'s  impractical,  for  any^  of 
several  reasons,  a*,  separate,  structure  adjacent  to  the  house  may'be  used. 
A-feSlQping  pTatfo'mi  supported -on  a  suitable  foundation  can  be  the  base  for.' 
f.tlie  cpllector.'   Pumps,  storage  tank,"and  heat  exchanger;  if  used,  can  be 
located  inside  the  dwelling.    Effective^  insulati^in  on  ducts'and  p.iping  >  * 
must  be  provided,  however,  so  that'cold  weather  operation  wi.ll  not  be 
"Handica-pped  by  excessive  heat  losses.  4n,cold  climates,  collectors  iti 
whldh  v/ater  is  di re^ly^Kea ted  must  be  located  so'that  drainage  of  the  . 
ColleCtoi^  and'extericn*  piping -can' be  dependably  and  effectively ^ accomplished. 


•  TEf^ERATUBC  STRATIFICATIOM- IN  SOLAR  .HOT  WATER-TANK' 


As^  in  a  conventional  hot  water  heater,  the  temperatur^n  the  Jpper  .  ^ 
'  ^  part  of  a  solar  hpt  water  tank^Vill  normally  bp  considerably  higher  tiian  ' 
at  the  bottpin^,  .  THe^  lower  density  of  hot  wc^er  per-mlts  this  stratification, 
^  provided  that  turbulence  at  inlet  and^utlet  conneo't^t)ns^is.  not  excessive. 
•The  supply  of  relatively  cold  watqr  from^'the  bottom  oi'^ihe  tank  to  the* 
-  collector  permits  the  collector  *to  operate  at  i^ts' highest  possible  effi- 
cie.ncy  under  the  prevailing  ambient  conditions.   I^ith  a  circulation  rate 
such  that  a  temperature  rise  through  the  'collector  of  t5^F  to  ZO'^F  occurs, 
the  lower  part  of  the  storage  tank  is  furnished'  ta  the  collector  for  "  ' 
maxipj;).  effectiveness.    If  not  much  hot  water  is  withdrawn  from  th^  tank  , 
during  a  sunnyjday,,  the:>l ate  afternoon  temperature  at  the  bottom  of  an  > 
80  gallw^  tank/ conneeteci^to  a'  40- to^SO-^square-foot  collector  may  be  well  ^ 
.    above  lOO'^F  —  Qven  apprtfac;jTing>  the  temperature  in  the  top  of  the  tank. 
Collection  efficiency  thus ^varies  throughout  the  day,  depending  not  only  * 
off-saVan  availability  but  also  o\the  tethpera^ture-^  of  wateif^  supplied  to  the. 
collector  from  the  tank  bo'ttom. ' 


'.      .      ..  ■      •  TEMPERATURE  CONTROL'CiMIT 


^  Ip'^addition  to  the  differential "  tempera tuire'^gntrol  desirable  ir>  most 

-solar  water  hea.ting  systems  (which,  sense "temperalur^  di'fference  between 

•  '  '  .      %  '  -  ^  •  "         '  ' 

'    collector  and  storage),  protection  against  exce.^^ive  water  tpperature 

''^may  be  necessary.  ♦iSeyeral  p(fts1ble  methods  caa  be  used^    In  nearly  all 

types'  of  systems,  whether  djrect  h^atijig  af  the  potable* water  or  indirect 

'heating  through  a  heat  exfchanger,  a  t^rmostatically  controlled  mixing 

^valve  can  be  used  to  provide  constant  temperature  m^^vt  for  household  use.; 


.    Figure  19-7  illustrates  one  method  by  whish  this  type  ■of-temperature 

•  .  *  cJ^ntrol  x^n  be.  acGompliihed.    Qbld/w'ater  t,s  admitted  to  the  hot  water 

^  '    ?  ^  ■  •     ^    'W*    •  ■  ' 

,     line  immediatel-y  downstream  from  the  auxil-iary  heater  in  sufficient  •■ 
*•  ■     ,      ♦    -   .  '>. 

propotti'dn . to  secure  tj^.^  desired  presfet  temperature.    The  solar  hot 

'  .  water  tank  is  allowed  .to  reach  any  ^mperature  attainsblev  and  the  • 

aux.ilfary  heater  furnishes  additional  energy  only  when  the  auxiliary 
>  '  V  •  "■  '     '.^     '  >  -  '  '  ' 

^         tartk^  temperature  drops  below  the  thermostat  set  ppint.  -'Maximum  stD^ar 

heat  delivery  is  thus  achieved,  and  no  solar  heat  i^ieeds  to  be  discarded 
'  -     except  that  which  mi  ^ht  sometimes"  be  ..del  ivered  when  thre  main  storage'  ' 
^       (preheat)  tank  is^at  the  "boil  in||Point;    Any  additional  solar  heat' col- 
lected under  tha-t  cohdi tion^ would  be, dumped  through  a  pressure  VeJ ief 
».     valve;  'Steam  escaping  to  the  surrcJundings.    Figure  1*9-5  shows  an  optional 
-seccH^mixing  valve  for  control  of  deliveVy  temperature  by.a4m1tting^ 
'    ;    regulated  amo^Jnts  of  solar  heated  water  into  the  flow^frop-' t-he  auxiliary 


hea ter. 


•  Cold  -supply 
— ^ 


Blp.w  off* valve 


1 

i 

•* 

\ 

\ 


^  Hot  water.-, 
service' 


Figure^9-7.  Direct  Solar  Water  iieating  with  Mixing)  Valve 


V-   Afsteam  veftt  froni  the  solar -hot  water  system  involving^^a  dual  Liquid*  \ 


desigfi/- wi;th  heat  exchange,  should  normally  be  in  the  hot  wa ter  loop 
'  .rather  than  tha  collectd'r  lotfp^    Loss^ of  .collector  fluid  hy  vaporization 

is  thereby  avoided,*  It  is  necessary,  however,  in  this  design,  that  the 
V^fill^gtor  tube^s^^^j^^associated^pip^     be^capable  of  withstanding  pressure 
-  at.least-as  high  as  developed  when  the^eam  vent  valve  in  the  storage 

loop  iSAactuated.  ^^If^  for  example,  th^  blow-off  valve  in  the  storage 
r  circuit  j'S'set^for  50'psi,  and  if -the  collector  loop  containing  50  per- 


,cent  ethylene  glycol  normally  operates  ^t  a  temperature  20^F  above  the  , 
storage'tank  temparat^jjia,  pressure'  in  the  collector  loop  would  also-,  be  ^ 
about'50.  psi  when  the  .sforag^  tank  vent^  i,s  actuatei;!.  (Approximate 

^equalityof  pressure*  is  due^  t^o- similarity  between  boiling  po\it;  elevation 

and'tempera^ture  drffeVence  in  the  heat  exchanger.)  .        '  \'  - 
*       -  *  ♦      •  '  *  *. 

An  jiTternative  to  the  high  pressure  collector  capabiliiky  described 
■»  ^*  '  •     *  •  ► 

abdv^'^is  avai»laye  in  the  form  of  an  organic  heat  transfer  fluid  having 

^fr,  .  .  ^     •  >  ^    '  ^  *  . 

ar  hi^h  boiling  point;    Downtherm  J  or  Therminol  55  havp  boil.ing  points 

above  SOp^'F,  so  if  0ne-,6f  fhese  fluids  J  soused,,  th^  development"  of 

^pressure'in  th^i^eol lector  loo|i  woulcf  not'pccur,*  even  when  the  storSge 

.'system  js  vent^ag  stgam  9tr50  ps.i .    Th»option  appears  poyisiaerabl^  tsior^e  . 

'practica,l,  thaa  the^press.uriz^ed  collector  rec)uired  wivth-aqueous^.  systems 

If  the  dual-]^quid-desigii  is  utilized.    *         '-'v^.;  '  ' 

.  Stil^  artotheK option  for  hi|h-temper^tuire  protection  is  available  if  * 

.  the  collector  is'used'.as  'a  heatbr,  for  a  high-boiliHg  organic  liquitl  or  • 

for^air.   To'prev^nt  the  stora-ge  tank  from  reaching  a  ^temperature,  higher 

*  than  desired,  a%ltmting  thermorstat.^n^ that  tank  cajiN^e  used  simply  to* 

discontinije  (.ircu1ati*on»  af  Ihe^heat  transfer  fluid  (organic*  liquid  or  air)  ^ 

^  t3ii;ough  the  coTlector  apd  lieat  .exchanger  •    No  ^add^itional  heat  i$,  thereTor^v 

'  dissipated;,i^i  .the  fcy}m'  of^coflpctor^heat  loss.    The  <;olTector  temperature  - 


4 


,      .      ••     ;  19-1.9 


rises  substantially,  frequently  above  ^S)d°F',  but  if  properly  designed, 

/    *    *  the 'colleotor  suffers  rio  damage.    Tbis'$ys.teni  is  probably' tl^e  safest  and 

nx)st  dej^endabTe  of  those  herein  describe'd.  ,^ith  a  Veliabte  limit  switch 

.  '   in  tl(e  storage  tank,  there  can  be  no  dangerpus  pressure  developments. 

'    anywhere  in  the  systfem.    In  addition,*  there  is  no*  Itiss-'^f. wateh  the 

\  %    form  of  steam)  even  when- there  is  ro  use  of  hot  water  for  , long  periods.    ^     .  " 

If  the  hot  watef/cqld  water  mi-xing 'val v'e  downstream  from  th^  i 

auxiliary  heater  is  not  used^  a  tpmperatiire  limit  control  in  the  solar  > 

*.    storage^;-4(a^  at  the' maximum  Sdesi red  te'mperature '6f  service  hot  • 

./water.    Mater^^^i^efore^cannot'tV  del  i^        at  any  temperalure  higher- 

than  the  set  point ''in  th^  solar,  storage  tank'or  the  set  point  in  the 

auxil iary  , heater,  whichever\is  h^lgher.    Less.solar  storage  capability 

.would  b^  involved  in  thi s  desjgn, 'howevec,  because  thfe  Solar  storage 

"  .  I  i     •  •    , .    .      '      »      .     •  ^ 

tank  is  prevented  hronfK^chieviog  higher  temperature^,  .even  when  solar  ^ 

energy  is  available.    ,  . 

In  a  direct'.type  bf  solar  Water  heater  operating  at"  s^rvif e  pres^sure, 

•  with  po\able  water  circulaling  tt)rough  t^  collector /a  venting  valve  is  % 
^  •  '* .  \  ,  •  V     ,       *  -  .  * 

pr^voded  near  the  top  of  the  •col lector.    li  .would  have  to  be  set 'for 

,  ^     *  release  at  et  pressure' several  pCUpds  higher  than  the  maximum  in  the  ser-  * 

viee  subply,  so  the  .collector  s^torage  system  musf  withstand  pressyre       .  • 

-  usda'My  ■abOVe'~§0  psi.    OccasioWV  wateV  Toss  through  venting  of  steam      -  :  " 

"  .  '       would  be  expectedf;  ■  '  .        '  /  •  ^  ■  * "        '  ' 

'       ,  If  a  •n'bn-pr'essurrzed  dir'ect  type  of  solar  water  heater,  is  used,  v/ith 

"  a,  float  vaVve  in  the  storage  tank,- the  pressure  relief  valve  can  be  set     ;  ' 

.    .  -     •.    .  .    • »  •.     '  ■  %  ■  *  ■    ^ .  ^  -   ^  y  ..• 

to  operate..at  a  pressure  only  slightly  above  atirjosph^eric/  Alternatively,  \ 
•     •  the  collector  or  storage  tank  niaj*  be  continupurTy  verited,-  Oviersupply  oh^    ■  . 

^     J  under-use  of  s-olar. heateci ^water  results \1n  boil ing^  and  venting  of. the  *    •  r    ,  • 

•  ,   .  ■•  '     .       <^  '  •      -^^  -    .  4        '  ' 

,   •    storage  tank;'      .  "  *  .  *  -     "     '"S  ^  > 


PERFORMANCE  OF  TYPICAL  ^SYSTEt^S 


GENERAL  REQUIREMENTS  .  ^  '    ^     '  '      ^"  '  ^' 

A  typioal.  fatnily  of  four  persons  requires-,  fn  the  United  States, 
about ^^ff^l Ions  of  hot  water  per^day.    At  a  customary  supply  temperature' 
of  ab(Su.t,^|46°F,  the  Amount  of  heat  required  if  the  cal(J  i^nlet  is^t  SO^'F 
is  ab^ut  50,000  Btu  per  day^.  a  •  > 

fhere  ns  a  w>ide' variation  in  the  soJ.ar-  av^ailabil  ity  from  region  to  • 
region  and  from  season'  to  season  in  a  particular  Toceitiori:    There- are 
also  the  *short-t$rm  radiation  fluctuations  .due/to  cloudiness  and  the  ' 
clay- night  cycle.  ,  c  '  ^ 

Seasonal  variations  in  solar  availabil  ity^  resul  t  in, a  200  .to  400  per- 


'cent  difference  in  the  solar  heat  supply  to  a  hot  water' systefti.    In  the* 
winter,  for  example,  cin'.avepage  recovery  of  "40  percel^t  of  1200  Btu  of 
solar  energy* per  square ^fgdt  o-f  slofiijig  surface- would  require  appr'oximately 
TO(r  square  feet  of  colliector  fop  the -50,000  Btu  average, daily  requirement/ 
Such  a  desi^gn  would  provide  essentially  all  [of  th*e  hot  warter  needs' on  an 


.average  .winter  day,  but  wb^ld-fall  short  .on  (Jays  of  less  .than  average^  - 
sunshine*    By  contract,  a  50-pfercent  recovery  of  an  average  summer  radiamt 

'  supply, of '2000  ^tu  per'squard  foot  would -involve  the  need  for-only  50 

-squai^re  ,feet  'o;;f.  col  lector  fpr  ^aftisfying  the  average  hot  water*  requirements, 

'      *  It  is  *e.vident.that  if  a  50-sqaare-foot  collector  weraM'nstalled,  .it 
*      '  *       •  ..  * 

.could  supply 'the  major  part,t'[>erhaps  neavlv/  a,ll,  of  the*  summer  hot  wafer 
requirenientsrtJttt^  ?t. could  .supply  le.s,s  thart  half  the  winter  needs.    If,.*^  '^ 

JDn  the^other.  hand,  3  lOO-square-fbot  col  lector* .were  employed  in-order 

-  •        .  '    •■  /        :  '  •  ^ 

that  v/inter  need?  could  be  ^nore  nearly  met,  the  system'would  be  oversized 

for  suTOier  operation  and  exce^  solar  heat  .would  have  tp  Be  wasted.    In  . 

such  circunTStances,  .if  an  aqueous  collection  medium  were  used,  tTotling  o*f  . 


\^  *  .     19-21       '      .  *  •  ^  , 

the^  sj^stem  would  occur  .and  co]lector  or  storage  venting  of  ^jteam  would 
have  to  be  provided.  ^  * 

.   '      ThQ  mare  important  disadvantage  of.  the  over^sized  collector  (for^' 
summer  operation)  is -the  economic  penalty  associated  with  investmeri^. 
in  a  collector  whjch  is^  not  fully  utilized,  y Although  the  cost  of  the 
100- square-foot  coflector  would  be  approximately  doubly  that  o'f  the  50- 
square-- foot  unit,  its  annual  useful  heat  delivery  would  be  considerably 
less  than  double.    It  would,  of  course*,  deliver  abput  twice  as  much* 
Z^ZZiy  ^^^^  winter  .season,  when  ne'arly  all 'of  it  could  be  used/but^ 

in  the  other  seasdVis,  particularly  in  summer,  heat  overflow  would  occur. 
The  net  effect  of  l^hpse  factors  is  a  lower  economic  return,  per  unit  of' 
^'    investment,  by  the^larger  system.    Stated  another /way,  more  ,Btu  per' 


n 
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dollar  of  ijivestment  (hence  cheaper  solar  heat)  can  be  delivered  by  the  ' 
smaller  sj^tem.  '  .  * 

As  a  conclusion  'to  the  above  example,  practical  design- of  solar 
water  heaters  should  be  based  on  desired  hot  water  output  in  the  sunniest 
months  rather  than  at  some  other^  time  of  year.*.  If  based  on  average  daily 
radiation 'in  the  sunniest  months,  the  unit  will  be-slightly  oversizisd^ 
and  a*  small  amount  of  heat  will' be  waited  on  days  of  mai^yBbm  solar  input. 

■'  ■  ( 

.And  quite  naturally,  on  partly  cloudy  days  during  the  seasor\  some^       •  . 

auxiliary  heat*raii/st  be  provided.    In  the  month' of  l9we$t  average  solar 

energy  delivery,  typically,  one-half  to  one-thi'rd  as  much 'solar  heated 

water  can  be'  sapplied,  or^actually  the  same  quantity  of  water  but  with  a — 

temperature  increase  above  inlet  only  one-half  to  one-third  as  high. 

*        ,    *  . 

*Thus,  *fuel  ^.requirements  for  increasing  the  .tempera  tur^e  of  solar  tieated  , 
water  to  the  desired  (tKermostatted)  level  could  involve  one-half  to 
two-thirds  of  'the  total, energy.  neede/1for  hot  waiter  heating  in ^  mid- 
winter  month.  .       •  '  •      '* '  _  .  .  •  i 

'  '   ■       ■'■  .    '         .665    ■  • 

Mi-  '  ^       ^ . ' «  *        •       . . 


QUANTITATIVE  PERFORMANCE  /.  :  . 

Although  hundreds  of  thousands  of  solar  water  hea/ters  ha^vbeen  used  • 
in"  the*  United. States  and  ^abroad",  quantitative  perfon/ance  data  are  extremely 


iimited.    In  househol ds 'wheTe  no  auxiliary  heat  was/used,  the  solar  system 
probably  supplied  hot  water  most  of  the  time,  Bjyt  failed  dQring  bjtd  weather. 

at  was  used,^  hot  watisr  was  alwe^ys  aV 

f       ^  "  ^  '  / 
contnbutions,.of  solar  and  auxiliary  were  seldo^  measured.  _  ^ 

In  a  few  research  laboratories,  particulalrly  in  Australia,  some_ana- 


If  booster  heat  was  used,^  hot  wa'tisr  was  alwe^ys  available,  but  the  relative 


lytical  studies' of  solar  water  heater  perfojpmance,  confirmed  in  part  by 
experimental  measurements,  have  been  performed.    More  recently,  analytical 
studies  at  the  University  of  Wisj:onsin  have  been  carried  out.  *  Table  ^19-1, 
based  on  an  Australian  sturdy,  shows  the  performance  of  a  double-glazed, 
45-squar^foot  solar  water Jieater-  in  several  regions  of  the  coujitry. 
Variable  solar  energy  and  amb'ient  temperature  throughout  the  year  result 
in  1.4  to  2.5  times  as  much  solar  heat  supply  to  water  in  summer  than  in. 
v/inter.'    tlimatic  differences  produced  i  sol ajf^- heat  percentage  ranging 
from  60  percent  ^|||^  percpat  of  the  annui^l  total  hot  water  requirements. 
Tab^^-IQ-Z  shov/s  moi^^ily  performance  of  the  same. system,  in  Melbourne,' 
•Austr;al'ia,  with  averageN:ol lection  efficiency  varying  between  *29  and  40 
percent  of  incident  radiation.    Variation 'iii  inlet,'  outlet,  and  ambient 
temperature  i-n  a  typical  thermosiphon  type  of  solar  water  heater  is  $hown 
in  Figure'19-8.     ,  '  -    '      ,  ^ '  '       ,  \  '  . 

'  In  a  simulation' study  at  the  ^Uni vers^ity  of 'Vfisconsin,  hot  v/ater 
-usag^  was  'programmed ^for  a  ^ypotlretlcal , residential  user.    The  .results 
show  only  slight  variation  in  solan'heaj;  utilization  |t  several  us'e 
schedules  and  .indtcate  only  minor  influence  of  storage  tenfper^ture  t**^ 
stratification  qn.  collector  efficiency.  ^  . 


'    -      .  -  Table  19-1 

Daily  Means  for  Twelye  Consecutive  Months  of  Operation  of  Solar  Water  Heaters,  at  Various  Localities  . 
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'      "  ~'     '  tdcation 
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C7  A 

*  b  / .  4 

C7  7 

Energy  required  to  heat  water  (kWh) 

,'9.8 

O  A 

8.4 

,    TO. 3  , 

9. 7 

n  c  • 

9.5 

9.9 

o  o 
9.8 

Heat  loss  from  storage  ttink  (kWh) 

2.Z 

1.9,. 

.  2.5  , 

^1.  5 

0  0' 

1  0 

1  .9 

1  0 

1 .  y 

Total  energy  consumed  (kWh) 

12.0 

.  10.3 

12. "8 

12.2 

11.7 

11.8 

11.7  • 

SolV  energy  cojitrlbuted  (kWh)  • 

8.5 

■  7.8  ■ 

9.4-  ■ 

.  9.7 

7.9 

•  7.2 

7.3 

Solar  energy  contributed  [%) 

71.0- 

76.0  ■ 

■  73.0' 

'    81.0^  . 

•  67.0 

61'.  0^ 

€.2.0 

Solar  contribution  best  month  (%) 

99.0* 

9^1.0  ' 

.  98.0, 

100.0  ' 

'./92.13 

95.0 

70.0 

Solar,  contribution  worst  month  {%) 

47.0'., 

57  :o  . 

'  43. .0  ■ 

57^0 

45.0, 

.  38.0^' 

5i;o 

Ratio  best  to  worst 

2.] 

m 

'  1-6 

'  2  ; '3 

.1.8 

2.0; 

•    r."2.5'  " 

1.4  ' 

.  *  Hail'  screens  $usp^'ded  above  the  absorbers.    No  ^cqrreiJtion  made  fdr  i^eduction  of  absortMng  afea.- 

Water  di.scharged  at- 6:00  ar^.  daily.  S    ^      '  .       *   •  '  ■ 

Double-glazed,  flat-black,  45-sguafe.-foot  solar  collector  til  ted  toward  equator  at  '     *  ;  . 
latitude  angle  plus  2.5  degrees."..  Storage:  84  gallons,  (US).  Thermosiphon  circulation.    *  ■ 


'  Table  19-2 

•'Solar  Water  Heater  Parformance  in 


MeTbourne,  Australia 


-^^M§an  Daily' 
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.  Energy* 


'  Month 


tr-  ^ 

January 

February 

March 

Aprir  " 
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July 

August. 
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Octobet^ 
•  *■ ' 

'  Novemher 
December'! 
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Insolation 
on  Absorber 


Btu/ft?  day 


kWh 


^Me|||||d)aily 

Solar  Energy 
Co-ntrlbufion 


Percent 


I^Wh 


.System 
Efficiency 


Percent 


1630  •  ■ 
2220^ 

1240  •  - 
1290, 

1-220  ' 

1290  ' 

isla  ■  ' 
1600" : . 

I860 
►  .4^80' 
1790  ; 


0/5 
2.6 
5.2 
.  6.2 
7.7- 
8.1  . 
6.1 
.4.9 
3,9 
3.7 
.'3.5 


75 

*  I 

:  74 

.  52' 

47 
.  39 

\  38 
■  50 

9 

•'  59 

67  ' 

68' ' 
V- 


'?2  ..: 


8.9- 
9.5 
7.4 
.5.6 
^5.5 
4.9 
5.0 
6.1 
•.7.1. 
7.9 
7.9' 
9-'0 


40/ 

32 

3i' 

34  ^ 
'32- 

30 
►29 

30- 

3^ 

32'; 

.32 

38 


\ 


Year 


1610 


4.6 


91  , 


•  7.2 


''35  •  . 
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-Figure  19-8.  Absorber  and  Tank-Temperatures  rtj/ Thenriosiphon  Flow' 
'  .   During  a  TypicaUDay 


^        In  summary,  the  n^mal  dutput  of  well-designed, solar  water  heating        •  •  . 

systems  can.be  roughly  estimated  by  assuming  apfJroximately  ^O-^p^r'ceht  so.lar'.     ^  ,  V 

collection  efficiency.    Average  monihly  solar  radiation  multiplied  by  col^-  . 

Il^tor  area^'and  40  pei^c^nt  delivery  efficiency  can  pi^Dvide-a  raugtt' measure 
>  of  daily,  oj  monthly  Btu  delivery.    The  tc^tal  Bt*  requir;em^nts  for  the  hot 

viater  supply,  based  on  the  volume'  used  and  the  tejnpemture  increase  set;  *  ; 
'  .then  serve  the  basis*  for  computation  ^f  percentage  contributNon  from  solar 


and  the  pc^rtion  required  to  be  supplied  by  fueT  or  electricity. 


s 


ERIC  V  - : 


Sizing  Ufe  Col  lectors 

;  ,  Jhe  curves  shown,  in  Figure  19-^^M^^;^^t^-U5ed  to  estimate  th^^salarxol-^ 
lector  size,  required  "fbr  hot  water  service  in  ^residential  blitTdin'gs  hav.ing  ^  ^ 
typical  hot  water  Systems.    The  system  is  assumed  <,to  be^pumjied  liquid  typ6\  *  - 


19-26 


with  1  iquid-to-1 1qu1d  heat  exchange,  delivering  hot  water  to  scheduled 
residential  uses  from  6:00 -a.m.  ^?fTtiV*midnight.  .The  shaded  band  represents 
results  of  computer  calculations  for  eleven  different  locations  in  the 
United  States.    The  cities  included  in  £he  study  are  Moulder,  Colorado; 
Albuquerque,  New  Mexico;  Madison,  Wisconsin;  Boston,  Massachusetts;  Oak^*^  , 


Ridge,  Tennessee;  Albany,  New  York;  Manhattan,  Kansa§;  Gainesville,  Florida; 
Santa  Maria,  California;  St.  Cloud,  Minnesota;  and  Washington^  D.C 
The  hot  water  "loads  used  in  the  computations  nange  from  50  gallons  per 
day  Igpd)  tX>  2000  gpd.    The  sizing  cuj^es  are  approximate  and  should^^ 
not  be  expected  to-yield  results  closer  than  10  percent  of  actual -value. 


4  ' 


Tilt  =  Lolitude 

Hj=,Meon  Jonuory  Solor 

Rodiolian  on  o  Horizonloi 
Surfoce,  BTu  /  (f1^)((^oy) 

L*  Jonuarjr  Hoi  Water  Lood, 
BTu/doy 


'^0,E    0.4     0.6-0.8      1.0  1,2 
l^jA/L 


L8  2.0 


Figure  19-9.    Fraction  of  Annual  load  Supplied  by  Splar  as  a  function 
«  of  January  Condi'tions  for  H*ot  Water  Heate^rs  ♦ 


19-27       '    '  *  /  /  ' 

'       '    I  /  . 

The  vertical  axis  shows  the  fraction  of  the  annual  water  ,heatinq  » 

'  '         '/  "  * 

load  .supplied  by  solar.    The  horizontal  axis  shows  va-lues/ot  the  para- 
meters,  HjA'/L,  which  involves  the  aveYage.  daily  Januaryy radiation  oji  a 
-horizontal  surface,  H.;  the  required  collector  area,  /V,  to  supply  a 

.certain  percentage  of  the  daily  hot  water  load,  L.    the  January  average 

'J  "    /  '  J'/  - 

daily  total  radiation,  at  locations  in  the  United  States  can  be  estimated 

from' the  radiation  map  inrFigur^  19-10.  Values  on /the  map  are  given  in. 
fBtu/(ft2)(ddy') .    The  curves  are  not  applicable  fo/r  values  of  f  greater 
than  0.9.  .  .    •       '  /  ^ 

It-should  he  remembered  that  the  service  f/qt  water  laad  will  be 


nearly  constant  throughout  the  year  while  the /solar  energy  collected  will 

vary  from  season  to  season.    A  system  sized  for  January,  with  collectors 

tilted  at  the  latitude  angle,  will  deliver  htgh  .temperature  water  and  may 

even  cause  boiling  ip  the  summer.    Or  .the  other  hand,  a  system  sized  to 

meet  the  load  Yn  July  will  not  provide  all  of  the  load  in  the  winter' 

months.    Orientation  of  the  collector  can  partially  overcome  month-to- 

« 

month  fluctuations  in  radiafion  and  temperature. 

Sizing\  Examples         ^  .  * 

Example  19-1 .  Determine  the  appiNDximate  size  of  collector  needed  to 

\  ^  '  • 

provide  hot  water  for  a  family  of  four  in  a  residential  building  in 

Kansas  City,  Missouri.  ^ 

^      'Solution:    The  average  daily  ^ervice  hot  water  load  in 

:1  ,      January  is:  , 

•f 

^\  L  =  80  gallons/day  x  8.34  pounds/gal Ion  x  1  Btu/(lb)(^F) 

\    ^  :x  (140°F  -^50^F)  =  60.048  Btu/day  ^  \  ^ 

The 'desired  .service  water  temperature  is  140^F  and  t|je  tefnpera^uijelof  the 
cold  v/at6r  from  the  main  is^SO^F.  ^  The  total  average  ^olar  radiation,  H.,\ 


^vailaMe  in  January,  frpm  Figure  19-10,  is  680  Btu*  per  square  foot  per 
day.    For  a  water  system  to  provide  60  percent  of  the  annual,  load,  from  ' 
Figure  19-9,  HjA/L.  is  abput  0.8.  ThereforeT 

•  .     ^     'A  =  0.8  X  L/Hj  =  (0.8  X  60048)7690  =  70..6  square' feet .  - 

"  •  If O-by-8-foot^col  1  ectar  module^  ark  available,  2.a^  units  would  be^,  , 
r^equired.    Three  collector  units  should  therefo.ne  be  used*.' 

£xamp1e19-2.   Determine  the  size  of . coll ector  Vieeded  to  provide  hot 

'  ^    water  foi'  a  family  of  four  in  Albuquerque,  New  Mexico. 

Solution:    The  m8r\th1y  load  will  tie  approximately ^the^  same 

as  in  Example  19-1.:  ^  \ 

■    ^  '        '     ,    '  •  L 


L  =  60,048  Btu 

♦ 

Vrom  Figurel9-10,  Hj  =  1115  Btu/(ft2)(day) .  For  a  system  to 
provide  60  percent  of  the  annual  load.  Figure  1^-9  shows  that 
HjA/L  is  approximately  0.8.  Jhe  cpl lector  area  required  is: 

A,=  (0.8  X  60048j/mS  =  4K8 
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Using  S-^by-e-foot  collector  modules,  2.3  units  would  be  required  for  this 
system,  "^Jtf^er  two  or  three  modules  should  be  used.    If  two  modules  are 
-used,  the  system  would  be  expected  to  provide  less  than  60  percent  of. the  " 
annual  load.      '      '         ■  • 

COSTS 

i 

^  ...  -  ' 

The  cost  of  installing  a  'solar  water  heater  (exclusive  of  the  hard- 

ware)  may  range  from  about  $300  for  a  system  with  a  roof-mounted  collector 

to  over  $1000  for  a  collector  mounted  on  a  stand  adjacent  to  a  house.  In 

'   a. recent  procurement  of  several  types  of  solar  water  heaters  for  ground 

»  -  ^ 

.  mounting  next  to  existing  houses,  an  electric  utility  company  spent  $1500 
*to.  $2000  for  each  system,  including  hardware.,  and  totally  installed.  y. 

.  .    "  '      •        675  " 


Non-freezing  (Collectors  of  about  50  square  feat,  80-gallon  water  t^nks, 
pumps,  fans,  and  coirtrols  were  included,^ 

A' solar  collector  manufacturer  has- announced  the  availability  of  a 
sola/water  heater  "package''  hav.ing  a  retail  price  of  $995.    The  packages- 
consists  of  a.40-square-foot  drainable  collector,  an  80-gallon  storage 
tank,  pumps i  and  controls.'    Installation  andi  hook-up  to  the  conventional 
system   are 'not  included.     •  •       "     ■     '  •  . 

As  designs  are'stanjiardlzed  and  manufacturing  volume  increases,  it 
may  be  anticipated  ;;hat  the  total  installed  cost  of  an  average-sized 
residential  solar  water  heati ng  system  will  be  less  than  $1000.  Assuming 
•a  collector  area  of  about  50  square  feet  and  a  reasonably  sunny  climate, 
this  uni.t  should  be  able  to  .deliver  at  least  250,000  Btu  per  square  foot 
of' collector  ^er  year,  for  a  total  of  42.5  million  Btu  annual-ly.    With  an 
average^daily  Requirement  for  50,000  Btu  of  heat  for  hot  water,  the  18 
million  Btu  annually  required  could  be  two-thirds  solar.    If  electric  heat 
at  five  cents  per  kilowatt-hour  (about  $14  per  million  Btu)  is. being ^ 
replaced,  an  annual  electric  saving-of  about  $175  is  achieved.    A  $1000 
solar  water  heater' could  -thus  pay  for  itself  from  electric  savings  in 
about  six  years.  'Or,  if  conventionally  finartced  at  S-percerrt  interest, 
an  annual  cost  6f  interest  plus  principal  of say, -1 2  percent,  or  $120  per 
year,  would  be  les^  than  the  electric  savings  by  something  over  $50  per 
year.    This  favorable  economic  comparison  for  solar  water  h|^ers  is 
applicable  now  in  many  parts  of  the  country  and  s,hould  prevail  very 
•g"en.eral.ly  in  the  next  few  years .  • 
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•    20-1  '  •  •  :• 

,  TRAINEE  OBJECTIVE  ^.      ■  .  '  '  ^ 

'    •  The't^jective  of  this  module  i-s  'to  bring  toget'tier  the  design  procedures 

that  hav^been  presented  during  the  previous  sessions  and  integrate  them  . 

>v    '  >^  ^  .   .        .  \  V    .    .  ^  /  ^ 

into  a  complete  design.    At  the  end  Qf  this  module  the  trainee  should  be 

cible  to  design  both  air  and_^ water  ^^stems'.    *         .         •  ' 

.  .     THE  PROBLEM  '      ^  /• 

1  The  .problem  to  be, considered  isrfhe  design  of*  a  sofer  systerTKto 

provide' space  heating  and  service  hot  Water  for  a  residence  to  be  located 
near  Boulder^,  Colorado.    The  house  is  characterized  4)y 'UA'*^  900  Btu/hr:°P 

'and  .the  service  hoi  water  load  is  80  gallons  per  day  to*  be  rais'ed  from  . 

'  52  ^Fitp  140         A  liquiti  system  is  to  be  (Ansi.dered.    The  collector 

^  Rarameters' are  Fj^*  to  =  0.66,' F^Uj^  =  0.77.Btu/hr-ft  -"f." 

DESPGN' PROCEDURE  ^ 


ERJC 


The  (Resign  procedure  was  outlined  in.  Module  .4.    However,  we  wish  to*'  ' 
«  «  «  '  . 

consider  an  add-itional  step  in  the  design  process/   That  is,  y/e  *want  to 

determine  the  optimal  mix  of  soUr  and  energy  conservation  measures.         '  , 

Assum?  the  following  conditions:    the  cost  for  auxiliary  fuel  is 

$12  per  million  Btu  and  itw^expected  to  increase  at  10  percent     '  . 

per  year;  mortgage  is  for  20  }cears  at  an  inter^sl  rate  of  9  percent;  the 

*  '  2 

collector  area -dependent' system  costs  are  to  be  $16/ft  ,  a^nd  the  system 

fixed  costs  are  $5000.  .  Fyially,  assume  that  we'can  reduce  the* building 
UA  in  increments  of.  100  Btu/hr'^F  according^to  the  following  cost  schedule: 


6S0 


UA  Rgduction-  gtu/.hr-  F 
SOO  to  800 
•    800  to' 700 
700  to'  goo  . 
•'  '  600  t'o  500  . 
■  *'  500*to  400  . . 


I 


1 


Cost  tn  $• 
■   '$1000  - 
'-1500 
■'2(100 
2500 
3000  ■ 
/ 


The.f-chart  program  was  used  to  determine  th€  economiceil  investm^e;»t  . 
>    .  •  .       '  «=•        •  ■        '  ■         '  •• 

that  ^should  be  made  for  energy-  cons^ervation  in  cojubi-nation  .wi th  the  .• 

solar  system.    The  objective  was  to  Tninimize  the' present  worth  of  the 

yearTy  total  costj^with  the  5olar-*system  and  energy-conservation  measures. 

The  resul ts.  from' the  first  computation  with  no  investment  in  energy-  - 

conservation  are  shown  in  Table  20-4.    From  this  table  we  see  that  the 

optimize'd  colle'ctor  area  is  95.1  ftL  the  solar  system 'wi-11  provide  77-.S  * 

percent'of  the  annual- 1-oad ,  and  the  pr&sent. w(^rth  of -ihe pearly  total 

costs  with  and^withoQt  solar  are  $39;446  and  $53,438-  respectively .  ' 

t  ^    ^     The  effect  of  decreasing  UA  by  100  Btu/hr-  F  may  be  determined- by 

adding  $1000  to  the»system  fixed  costs  and  repeating  the  analysis. 

Thi^  results  in  an  optirtiized  collector  are*,of  855  ft,,  providing  77.4 

percent  of  the  annual  load,  and  present  worth* values  of  $37,495  afnd453;932 

with  and  without  the  solar  system  respectively?    We' see  from  these  results 

'that-  it  is.  economiT:ally  cfa^ntageous  to  invest  $1000  in  energy-conservation 

L_  ^  .  '     >  '      '  '  0  ■  • 

measures  to  decrease  "the  building'UA  from  900  to  800  Btu/hr-  F.  Therefore, 
»        *  .    .  '     ^  '  • 

*    we  should 'consider  a  further  reduction 'in'  UA:  ^wfth  an'addi  tional «  cost  of 

'   $1506  to  achieve  a  further  reductiqf  by  lOO^tu/hV^F,  the  optim'ized  area  , 

is-  761  ft^  which  provides  77.6  percent  af  the  annual  ]oad,  and  rgsults  in 

'  »  .       «  ' 

■  present  worth  factors  of -$36, 135  and' $49,927.    From  these  resuUs  it 'is 
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'                       •"♦Table  20-1.  -T-Ch^rt  Analysi's' '  '  '  • 
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\.  ■  .  *  20-4-      ■    '  ^  .    '     '  ' 

'apparent  thalfa  further  reduction  in  UA  is  in  ordff,r.    A. reduced  UA  of  ' 
6O0  Btu/hy-°F  res.ulted  in'  an  optimized  area  of  668  ft^rP^^oviding » 

•  78  percent  of  the  annual  Toad,  and  present  worth  factors  of  $35\365.and 

'  ,$46,421.    Because  the  present  wo^th  with  .the  solar  system  is'  still     ^  .  . 

•  decreasing,  additional ■ reduction  inJJA  of  100  Btu/hr-°F,  for  an  addijaonffl 
cost  qf  $2500, was  cons'ideued.    The- analysis  resulte'd -in 'an.ojrtiiTiized 

n  collector  area  of-|86  ft^^  providing  7§  percei^of  the  annual  .load,  and  . 

•  present  wortb  factors  of  $35,192  and  $||jHp|Pnally,''a  fur.ther  reduction 
In  UA  of  100*'&tu/hr-°F  at  an  increase  in  cost  of  $3000"  resulted  in  an.' 

,  .optimized' coTlector' area,  of  515  ft  ,  providing  80.-.9  percent  of  the  annual 
"  load 'and- present  wcrth  factors  of  $35,638  and  $40, 9U.  ^ 

■'.-Althoirgh  the  present  worth  of  yearly  total  costs  withoi^t  solar 
:>fs  still  decreasing,  the  system  with  solar  is  stilt  less  expensive  than 

the  system  without  solar.    Therefore  it  is- clear  that  the  buifl^ng  shou-ld.; 
"'include  energy-conservati'dn  measures  at  a  total  cost  of  $7000  and  consider 
.  a\solar  system  with  optifnaV  collector  area  .of  586, ft^.    The  results 
/    the  analysis  are  sumrparized  in  Taljle  20-^.    ;  .  * 

•  /    .    Assifming  the-  collector  flow  rate  to  be:0.O2  gal/mirt  per  square  foot  j 

of  collector,,  the  fVow  rate^  through  th6  collectors'  should  be  about 
'    12  gallons  per  mii^ute.    The' pressure  drop  through  the  coVlectors,. 
'  Hnes^,  fittings,  and/heat  exchanger, must  no*!/  be  calculated  in  order  to 

size  the  pump.    Thjese  caJxuVations  may.  be  parforirigjSt'by  reference  to 

*  ' ,  /  ,  * 

figures  l6-Land  16-^  (for  the  system  schematic),  .to  figures  16-4, and' 
16-5  (t^;glculate. pressure  ^^ops*  in  'linfes  and  fittings) to  Figures  16-^ 


through  16-9  (to  determine  pressure  drop  in  the  collector-storage  heat 
exchanser) an'd  to  Figyre  16-10  (or  equivalent,,  to  select  the  pump). 

(.O  ■ 

O  / 
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Table  20-2.    Summary  of  Economic  Anal 


nal)4is 


^  'ft 

Btu/hr'-fr 

Investment  in 
Energy  Copservation 
^  Measures,  $ 

»Solar 
Collector 

Area  ft^ 

r  c  1  v^ci  1  u     u  1 

Annual  -Lciad 
Supplied  by 
Solar 

ri  cociiL  ViUi  uii 

With  Without 
Solar  -St^lar 
$       ^  $ 

900 

0  A' 

951  ■ 

» 

77.3 

39  446  58.438 

800^  , 

_  IDOO 

855 

77.4 

37,495"      53,932  ' 

700  ■ 

2500 

76l 

77.6 

36,135  49,927 

600 

4500 

668' 

78. d 

35/365  s  46,421 

500 

7000. 

586. 

79.0 

35,1'92    '  43,416 

400 

10000 

515 

• 

80.9 

35,638  40,911 

/ 

.7^ 


'  684 


■  20-6 
AIR  SYSTEM 


^    Suppose  that  an  air  system  had  been  desired  rather  than  a'  liquid 

system.    If  the  parameters  whtch  describe  collector  performance  are  • 

the  same  as  foe  the  Liquid  system,  the  results  wou'ld  remain  the  same. 

That  is,  v/e  wiuld  want  586  ft^  of  collector.    Consequently,  the 

,  /•  •         •  ' 

storage  should  Contain ^approximately  293  ft^  of  3/4"  to  1"  washed 

rocks.    The  rocks  sJiouTd  not  be  more  than  35  percent  fractured, 

80  percent  3/4",  with  "a  minimum  amount  of  fines.  *  The  rocks  must 

be  clean  and  free  of  dirt.  **The  storage  container  .^hou^d  be^ 

cons-tructed  according'  to  the  di-argraift  shown  irr  Fi-gure  20-1  ,  -  The 

depth  of  the  rocks  should  be  5.5  ft,  the  length  should  be 

8.8  ft,  and  the  width  should^e  €  ft.  ^  ^ 

.  The  .system  schematic"  is  shown  ^in^ Figure  20-2.    The  main/blower 

should^eliver  approxigiately  1172  cfm)  "  \ 

The  ductwork,  as  indicated  in  Figure  20-2,  should  be  sized  for 

low  static  pressure  drop  to  minimize  electrical  power  requirements. 

The  recommended  sizing  requirements  are  that  the  flow  velocity  in 

^  ,  -  / 

the  ducts  should  not  exceed  600-800  feet  per  minute.    Figur^  16-11 
may  be  used  to 'determine  the  duct  size  required  to  meet  these- 
specifications.'  The  ductwork ''sf^odld  be  insulated  witji'at  least 
1  inch  of  2-1b.  insulation,  and*turnirig  vanes  should  be  used  in  all 
elbows.    All  joints  must  be  carefully  sealed  to /prevent  aip  l§aks. 


The  system  is  shown  schematjcally  in  Figure  ^-3,    The  service  hot 

4, 

water  system  is  showrvin  Figure- 20-4. 
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Fig-ure  20-K   Tlock-Bed  Storage 
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figure  20-3.'  Air  System  With  Air  Hajdler 
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2,1-1 


.,  INTRODUCTION 


\ 


•-.Structural  and  mechanical  copsi.derations  for- home  construction  as       ^  ' 
well  as  for  the  sojar  system  are  discussed- in  this'module  along  with  the 
scheduling  of  sequential  and  concun^ent  activities  for  installing^ 
solar  heating  and/or  cooling  systems-  ii^eV  home  construction.  Undoubtedly, 
standard  ar  simplified  critical  path  schedules,,  which  are  used  in  thW 
module, are -used  by  contractors  only  for  construction  pf  tcTrge  building 
^yprojects.    Nevertheless,  two  example  schedules  for  constructing  typicaV 
'homes  are  presented  as  •  i-l  lustrations,  and  i  terns  related  to  the  sotar.    \  ' 
systems  are  dis'cussed  with  respect  to  structural  and  mechanical  consicjera-  . 
t^ons.    If  attention  is.  not  given  to 'the  sequence  of  assembly,  Strength 
•  of supports, and  ^tails  of  connections,  unnecessarily  difficult^ 
situations  could  result  when  systems  are  installed.  ,  V  .  -  ' 


4  \ 


r 


4y 

*>1 


OBJECTIVE  *  • 

'     '•  ■       .  . 

The  objective  in  this  module  is'Nto  familiarize  trainees  wi-th  ^ 
important  items  in' construction  and  sequences  that  should  be  followed' 
for  installation  of  solar  systems  in  new- homes.  ■ 


CONSTRUCTION  SCHEDULE-  FOR^  TYPICAL  HOME' WITH 
•     -AN  AIR-HEATING  SOLAR'SYSTEM 


ERIC 


PART  1, JQ£K-BED  STORAGE  .  '  * 

The  initial  steps  in  the  constr/fiction  of  a  home  witVi  an  air-heating 
solar  system  is*  shown  in  part  1  of  a  construction  schedule  which  is 
Figure  21-1.    The  buiTdiag  contains  a  basement  fn  this  example,  and 
the  principal  solar  system  component  inclilded  in-  this- phase  of 

-  .  696' 


construction  is  a  rock-bed  storage  unit  located  in  the  bas'6'ment.  The 
construction  acti'vi'ties  concerning  the  pebble-bed  storage  unit  are 
identified  by  heavy  lines  in  -the  figure.  ^• 

r(  •  .     ■    -    .  ■ 

. '      ,    .  Y   /  Insulate  ^ 

Storage 


Sltructural  Base 
f4f  Storage 


I    Piece       k  . 
Fabricate  I*  TeiTiperfiture 
Container^   Sensors  * 

V 
I 


-   TrencK       Pour       i  *  I  •  .  n 

Fees  Site    '     Excav^fe      for.  Cqncrete  ,  Basement  j    Fill  X  ^loo*" 

I 

figure  21-1.    Part  1  -  Pebble-Bed  Storage  Fabrication.     '  ,  ' 


floor 


Frame 
Floor 
 ^ 


The  structural  base  for  the  rock-bed  storage  unit  shoi>1d  be  con- 

structed  during  the' foundation  work  of  the  building.    The  concrete 

base  on  which  the  storage  hirv  \%  to  be  constructed  should  bS  scheduled 
*  *^ 

for  pouring  alon^  with  th.e  concrete  footings^  «If  the  storage  container 

-  ■' 
walls  are  to  be  co/icrete , -the  rock  bed  can  be  located  in.  the  corner  y,. 

of  the  basement  to  util'ize  common  walls.    If  the  container  is  to  ^e 
fabricated  of  wood,  the'walls'and  insulation  can  be  cojistructec)  pnor.  , 
fp  placement  of  the' f'loor  girders- arid  joi'sts-.  ' 

"The  recommended  rock 'depth' in  a  storage  bin  "is  5  to ',6  feet.-Tlhe 
weight  of  rocks  is  approximately  lOO^lbs/ft^',  arjd  so  the  weight  of 
^ocks  on  the  foundation  slab  will  be'  500  to  600  pounds  per  squar^.-foot; 
and  the  weight 'of  th-e  container'and*  the  bond  beams  in  the  cfl'tk  ^in  must" 
le'.added.    Assuming  an  additional  100  lbs -1  oadi^ng  orv  the  foundation  slab, 
the  total  load  could'be  ^much  as  700 .1  bs/,f t^ .    A  concrete  slafi  at  . 
least  8  inches  in  thickness,  .reinforced  {vith.Wire  mesh, is  retommended  to 
support,  the  load.  .  '    -  f^O'/  • 


The  ducts  connected  to  the  top  and  bottom  plenums  ^of  the  rock  bin 
Should  be  a  ^diffuser,  particularly  to  aid  the  flow  of  air  from  the' 
rock  bin  into  the  ducts.    Because  air  flows  in  both  the  top  and  bottom 
ducts    are  bi-directional ; a  diffuser  is  needed  on  ^oth.    Without  diffusers/ 
^  some  portion^of  the  rock  bin,  particularly  if  the  box  i s'' rectangular, 
may  not  be  efl^ective  for  passage  of  air,  hefice  for  storming  and  reclaiming  ^ 
the' heat.  ^ 

^^^^^y^In  fabricating  a  rock  box,  it  is  impl^rtant- to  consider^the  lateral 
stress^  exerted^by  the  box  on  the  sides,    Consideri-ng  a  natural^  angle 
0f  repose  of  one-inch  gravel  to  be'^about  40°',  tf^ere  ^ould  be  as  much  as 
1500  pounds  of  force      each' linear; foot  of  wall  with  a  rock  depth  of 
6  feet.    To  support  these,  internal  rock' forces^on  the  walls  of  the  bo')i. 
Steel  rock  ties- within  the  box  at  one-third^depth  and  again  at  two-thirds, 
depth. should  be  used.    Without  the  tie  rods/the  walls  of  the' box  eou.ld 
e/pand  with  the  force,  and  the  joints  could  crack,  and  air  and  heat^ 
losses  could  occur.  ,       ,     *  *  . 

'  •     Rocks  must  not  "be  dumped  into  the  storage  bin,  because  of  tlie  tie 
rods  in  the  box,  ^nd  also  the"  rocks' could  fracture  into  smellier  pieces,  ^ 
and  clog  the  intenl![ices  of  the  rock  bed.    A  tightly  packed  rock  bed' 
Jeads  to  greater  pressure  drops  ta  circulate  the  air  through  storage/ 
'    The  placement  of  temperature  sensors  for  the.cpntrol  system  and, 
if  desired,  for  monitoring  purposes,  is  a  simultaneous  activity  with 
the  filling  of  the  rock  bin.    It  is  not  practical  to  .install  sensors 
after^the  gravel  has  been  placed  Jn  the  bin.  ,  -  '  < 
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PART  2,  COLIECTOR  SUPPORTS  . 

The-suppo^-t  structure  for'solar  collector  modules ^g^panels  may  be 
the'vertical  wall  .of  the  building  or  the  roof  trusses  or  rafters,    i^e  • 

■  ^        ■  69S         -  • 


/. 


2i4- 


schedule  ih/Figure  .21-2  assumes  that  collectors  are  to  .be  placed  o^  the 
roof,  but/may  be  revised  as  necessary  for  attachment  to  the  external  wall. 
The  spacing- between  roof .tp«sses ,  or  wall  studs,  should  be  convenient 
for  pe'type  of '  col L&eftor  to  be  .used  in  the  solar  system.' 

The  weight  of  flat-plate  solar  collectors  can  vary  considerably, 
l^ut  a'typical  col lectornniqht  weigh    5  to  6  pounds  per  square  foot. 
When  collectors  are- placed  on  the  roof,  the  added  load  is  a* .consideration 
to  the  design'of  roof  trusses*.    ATthough  the  pitch  of  most  roofs  will 
be  steep,  snow  *d  ice  loads  should  not  be  discounted  in  sizing  the 
roof  truss.    In  addition,  the  steeper  Ditched  roof  will  be  subjected 
to  greater  positiv'e  and  negative  loads  due  to  wind  forces.    In  areas 


where  high  winds  .are  possible,  strueturaJ  designs  of  the  roofs  should 
factors, 

/       ■  »  • 


consider  these 


Fabr;icate 
Coll ec tor 
Supports  ' 


Frame 


Frame  and 
Sheathe  > 
.  External 


SubflQOr^A  Walls 


Set  Roof      I  ,     •  ' 

'Trusses  .  Sheathe  Roof 
^on  Rafters  A' poof         ^  l^eU 


/  '    '.    -Figure  21-2.    Part  2,  -  Collector  Support  Construction 

■„  •  *  -  - 

'  -  '    - ' '  ■  •  '   '  *       *  1 

1  .  ft!  *' 

M     '     Time  can  be  saved  in  mounting  collectors  if  forethought  i s given  f  o  •  . 
^nvenient  placement  of  purlins  and -nailers.    There  should  be  space 
provided,  for  manifold  air  duct's  in  the^attic  which  wil  1  cross  the 
roof  trusses.    Because  roof  trusses  are  largely  PE,6-assemb)ed ,  they  should 
,be  made  up  with,cross-pieces  that  will  support  ,the  manifolds.  ^,  J  • 
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^  The  placement  of  maiiifolds  is  at/the  convenience  of  the.  designer .  'The 
guideline  to  follow  is  to  minimize  lengths  of  large  sizes  tc)  minimize.  * 
•cost,  but  , at  the  same  time,  greater  pressure  drops  in  long  lengths  of  small 
ducts  should.be  avoided.  -      *  . 

'  «■  • 

PART  3,  INSTALLATION  OF  XOLLECTORS ,  PIPING,  AND  CONTROL  PANEL  ' 

^Installation  of  collector  modules  cap  be  scheduled  simultaneously 
with  the  roofing  and  flashing  as  shown  in  Figure  21-3     The.  tol  lectors , 
tn  most  instances,  wiM, replace  the  roofing,  and  .should  be  rendered  water- 

tight  with  cap  strips  of  the  collector  array. 

/  ^  ' 

^.     For  h^v/ collector  modules,  a  mechanical  hoist  such  as  a  fork  "lift 
may  be  needed ^for  installation.    Although  detailed  instructions  may  be 
'provided  by-  the  manufacturer  fgr  assembly, of  collector  modules,  consider- 
•able  attention  should  be  given  to  eff-ect  ai r-tight  joi nts  a^  all  duct 
connections..  Air  leakage  into  the  collector  array  can  cause  excess  heating 
of  the  .rooms  because  the  quantity  of  air  leak  into  a  system  must  also 
flow'out  of  vthe  system;  and  usually  that  occurs  through  the  dampers  that  * 
control  the.  flow  of  heat  into  the  rooms.    Ultimately,  the  heat  flows  out- 
doors  f rom ^fhe  rooms: 

The  preheat  tank  and  plumbing  connections  to  the  air-water  heat- 
exchanger  can  be  scheduled  with  other  plumbing  in  the  bifilding.  The 
heat  exchajiger,  which  is  in  the  duct  connected  to  the.  collector  manifold, 
will  be  iasta'lled  with  the  duct  work,^  All  pi umbinq,  should  be  leak-tested 
after  installation,  r  , 

i 

,  *    If  the  control,  panel  for  the  solar  system  is  a  separate  unit  from, 
s^y  the  .air "handler,  the  installation  can  be^  scheduled  with  the  other, 
fough  elec1:rjcal' work.    The -control  panel  should  be  located  close  to  the 
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solar  system  for  convenience  of  wiring,  system  checks  *and  maintenance 
purpo'sesi;'    '        ^  •     ,  '     .  ^ 


Roof 


r 


Roofing  and  Flashing 


Place'  Collectors  on  Support  .Structure 
.    Control  Sensor  in  Collector 


FraTO 
Internal 


I.  . 
— ►(25) 


Rough           Plumbing  .Basement 
^^artitioni^Plumbing^gleak^Test^^  Slab  

Preheat, 
DHM  Tank 


Heat  • 
Exchanger 
.Piping,^ 


Rough 

Back  Fill     '  Elec- 


nt.-^tricity  ^^^y 


Central 
Control 
Panel 


-►60) 


Exterior  Windows 
and  Doors 


Jigure  21-3.  >Part  3  -  Coll ector ,  Heat  Exchanger  .and. 
Control  Panel  Installation 


'part  4.  INSULATION       .     '  '  ,     -  ^ 

Insulation  on  pjipijig  and  duets  can  be, applied  foil oyng;  leak-tests-. 
Insulation  should -xfover  valves-c^^ll  as'^the  piping.    Loosely  wrapped  ^ 
insulation  may' allow  air  circuUtion  arid  ;t*herefore  is  not  effective,' 

-but  tightly. wrapped  insfulation  reduces  the^Wckness  and  is  therefore  poor 
practice.  All  ducts  and  pjpes,  whether  they  are  flexiblg'or  rigid,  should 
be  insulated.  '  •  .    ,  ; 


PART  5,  CONNECTING  THE  CONTROLS 


■Connecting  the  control  wires  is  virtually  the  last  activity-  in 
installation  of  the  solar. system  before  the  system  is  checked  out.  '  Usua,n;> 


1 


2f-7  ' 


the  company  that  provides  t^  control  unit  wi^I.l  have  full  instructions  for: 
making  the  connections. 


Piping 

Installatiorr  . 
and  - ' 

^Inspection.  /r> 


I  I  ■ 

I    "^^^  -I 

*"  I  Transfer  Duct  • 

-  jlnsulation/and  ' 

-  Alnspection^'X 


jCollector  Duct  . 

"Insulation  and  ' 
/->,Inspection^  X. 
^"  ►(g) 


f         Rough       *  ^Leak-Test  | 

'  .  Sheet  ''Collector    i  House  ±  hurnace 

^pjetal  ^Loop;   ^  ,.(|)  Insulation  ^^Installatieyg^ 


Auxiliary 
Furnace 
Instal latiec 


jCollector  aad  |  \  \ 

iHeat  TransptQrtj  ^, 
.Ouct^,  Oamper^s, '  i  . 

Blowers,  Heat  [  Leak-Test'  J  \ 
^Exchanger. 


Exterior  Windows  and  Oo^s 


■4^ 


External  Siding 


Figure  21-4.  ^  Part  4  -  Application  of  Insulation 
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Cabinets 
and 

Vanities 


Orywal  1 


Finish 


Install 
Appliances 


I  / 


Interior 
Finish' 


Finish 


Interior 


^  or  Plaster  ^  Flooring    JL'Carpentry        Plutnbing  \  ^Decoration  , 
(g)  ><45)  -4])  -^^^^^-^©-^  ^ 


I 

Finish  *  '  ' 
Electrical  $f 




Siding 


External  External 
Trim        ./Ov  Paint 


Fifial  Grade 


Guttei^s  and  \  External 
^^Downspouts^  <^oncrete         a"^  landscape 


Figure  21-5^  Part  5^-  Conne/ting  Controls 


PART  6,  FINISH  THE  HEATING  SYSTEM  AND.flNAL  INSPECTION-  . 

After  installation  is  dDmpleted,  the  system. should  be  tested  to  be 
^ure  that  all  modes  operate  as  desired,  that  is, 'the  dampers  are  opep  or 
shut  as  they  should  be-,  and  the  blower  is  activated  properly.    If  necessary 
jumper  cables  can  be  used  across  terminals  to  check  out  the  system, 
If  dampers  do  not  close  firmly,  there  will; be  leaks. into  the  flow  loop, 
and  when  cold'air  is^  mixed  with  the  warm  air,  considerable  temperature 
degradation  can  take  place.-  Although  heat  may  not  be  lost  froDi  the  System, 
lowered  air  temperature^  can  cause  the  auxiliary  furnace  to  operate  a 
larger^ortionl)f  the. time  than  is  actually  necessary.    Connections  to 
the  amis  of  motorized  dampers  may  become  loose  with  time,  causing  dampers  • 
*not-to  close  properly.    Frequent  checks  may  be  necessary  to  insure  proper" 

#  » 


closure; 


•i. 


^  * 


7C3  ' 


Final  grade  and  Landscape 


L- 


Figure  21-6.    Part  6  -  Finishing  and  Final  Inspection 


CONSTRUCTION  SCHEDULE  FOR  A  TYPICAL  HOME  WITH 
A  TYPICAL  LIQUID-HEATING -SOLAR  SYSTEM 


PART  1;  WATER  STORAGE  TANK  •  ,;  \  '  * 

The  structural  base  for^he  thermal  storage  unit  is- plpvided  when 
the  concrete  is  poured  for  the  footings.  '  'A  thicker  concrete  slab  than  a 
normal  basement  floor  should- be  prepared  for  the  storage  foundation. 

.A  prefabricated  tank'  is  recomnjended  for  the  storage  vessel  which  should 
be  placed  on  the  base  before  the^  floor  girders' are  assembled)^  the 
storage  tank  shoulcT  be  provided  with  approp^'ate  connections  for  pipes  and 
the  control  sensor.    Depending  upon  the  type  of  storage  tank,  the^bottom 
insulation^ should  be  installed  before  placement  to  eliminate  extra  work 

later  to  insulatd*  the  tahk,- 

■<•     *  I) 

it  «  .        I,  . 


Permits 
Fees 


i-ees  Site         ^xc^vate  |  Trench  for     Concrete-!   Basement  Storage- 

START  (l)^!!^:!^^ 

Figure  Zl-y.  .Part  1  -'Storage  T^nk  Foundation  * 
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^xc^vate 


Storage     ,  ^ 
Structural  Base' 

:  ^  r-KJ) 


Pour 


I 


Place 


PART      COLLECTOR- SUPPORTS 

■>  

Normally  the  rafters  an/ the  supports  for  the  .collector  array?  *  ^ 

however,,  special  suD;><?fts  may  be  required  for,  some  installations'.  When 

rafters  arg^  tc  support  the  collectors  directly,  some  preplanning  will 

*  '     '  ' 

reduce  the  laBor  costs  to  assemble. and* secure  the  collectors*    Normally  ' 

collectors^arp/^fltour^^  sheathing  and  the, col  lectors  are  sepured 

,by  boj^fes^hrough  the  plywoc 

Pi^e  manifolds  are  normally  placed  .along  the  top  and  bottom  of  the 
collector  array..    Provisions  for  easy  access,  not  only  for  installation,  but 
also  for  maintenance,  should  be  provided  because  replacefnent  of  flexible 
connections  between  the  collector  outlets  and  the  manifold  is  a  common 
maintenande  itefn'and,  although  replacement  is  simple,  it  can  be  made 
difficul t  with  restrictive  access.  \  , 

Collectors  mounte^i  on  flat  roofs  wi  1 1 --require  supports  to  tilt  the 

collectors  at  a  desired  angle.    The  supports  should  be  secured  to  the. 

V 

rafters, and  open  collector  supports  should  be  closed  in  to  prevent  wi^d 
drag  and  snow  drifting,  both  of  which  will  add  extra  loads  on  the  roof. 
Corisideration^^hould  be  given  to  pVace  the  bottom  of  collectors  off  the  roof 
surface  by  12  to  18- inches  for  i-nstaj la'tions  in  regjons  wh^re  there  is 
heavy  snowfall,  because  as  the  snow  piles  up  at  the  base  of  .collectors ,  the 
^  absorber  plate  can  be  shaded;  unusual  snowf^lV  removal  may  be 'advisable, 

f  .  ^  .Fabricate 

CoUcctor 


Frame  and 

Floor    '        Frame  '  Sheathe  Ext    Root  [russesi  bneame 

'  '      .Figure  21-8.    Part  2.-  Fabricate  Collector  Support 


I 


Set 

Roof  Trusses  I  Sheathe 
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PART  3,  COLLECTOR  INSTALLATION  AND  PIPING  .  • 

Ct)!! ectors -should *be  carefully  inspected  before  installation.  Broken 
glass,  improper  seals,  absorber  plate  conditions,  and  bad  plumbing  fittings 
are  easy  to  identify.    There  fs,  an^dvantage  in  placing  liquid  collectors  , 
{ightly  together  side-by-side 'to  minimize  ^ide    heat  losses  from  each  collector 
module.    When  this  cannot  be  doneT  insulation  between  the  collector  modules 
should  be  used  to  reduce  the  side  heat^losses.    After  the  headers  are  connected 
to  the  collectors ,  1;hey  should  be  l>eak~tested.  '  Replcicement  of  flexible  ♦ 
connections,  or  tightening  of  joints, lis  e^iest  during  collector  installation 
and  before  ca(p  strips  are  pi aqed  overall ector  joints.  '  *  ^  / 

Rough  plui^ing  for  the  solar  system  is  scheduled  with  the  normal  house  ' 

plumbing, and  the  control,  sensors  can  be  placed  along  with  the  rough' 

plumbing.,  Th^  filter  unit,  all  the  valves,  the  heat  exchanger,  pumps, 

and  an  expa^ision  tank  should  .be*^TnstIlled  in  the  collector  loop  and 

the  entire  system  leak-tested. 

'  Place        ^  * 

Collector  '  -  '  , 

'   '         on  Roof  and      St^jroge  Control  '  ^ 

Connect  to        Piping  .  Tetnporat'ure 

'     1     '  '  I  I 

I  «  ^   I         '  I 

I  ,|  Stoia<je         J  ,  I 

I  Roofing         i  Lcdk-Tcst      ,  Storage  j 
AanJ  FldshmgAFininri     ^^teak^Test  ^ 

I    Frame     %     \                   |  '                 j  " 
.    Interior      .    Rough          .    Plunibing  ^.Baserwnt 
^Roof  Felt    >^  Partitions  A  Plumbing  ^  leajc-T^s^^yrt^l^  ^  . 

^  Preheat  ancT^  >  ^ 

,        f  OHW  Tanks     I  ,1 

'  '      '      I  _         I  I 

I  Pi(5Tngto       |  Leak-Test  of-  |  ^  " 

;  .  Equipment      .  Collector  . 

 ¥^  Ng) 

*  111 

._Col  lector  anJ  I  i 
Heat  Transport    J^eat  1 
T'    \  Plpinq,  Pumps*:    Trin^port  ! 

'     I       I  r 

*  '  Heat  I  ,Heut  j  «^ 

:  Exchantjer       .  "-txclianger  . 

*  '  a'  ^ 

Figure  21-9.^  Part- 3  -  Conection  Installation  and 


y  Piping 
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PART  4,  INSULATION  AND  AUXILIARY  BOILER       ;  ' 

..  The'pipes  in  .the  solar  system  should  be  i      at'ed  to  minimize 
heaj'  losses,  and  t]^e -insulating  must  be  done  before  dryWanirig.  The 
storage  tank.,  heat  exchanger,  and  the  expansion  tank,  as^well  as  the 


valves, shoQld  be  well  irrsulated. 


Exterior  I'rfindows 
and  Doors 


1 


Exterior  Siding 


Back  Fill  '    |  Rough 
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Figure  21-10. 


Part  4  -  Insulation  and 
Auxiliary  Boiler  •_ 
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PART  5.  PREHEAT  TANK  AND  CONTROL  WIRING  .  ^  . 

The  control  paneV-wiring  is  the  final  item  .rejiated  to  installation 
of  the  solar  system*    It  is  recoWended  that  initial  tests~be  made  of 
the  solar  system  and  final  inspection  and  tests  be  made  after  a  short 
period  of  system  operation,  -  .  ^ 

/  -      .  *.        •       -  . 
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Figure  21-11.    Control  Connections 
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-  ■     22-1  .  fc 

A 

INTRODUCTION" 


<  k  •       '  / 

The  solar  systems  that  are  descHbed  in  other  modules  of-^tihis 

manuafl  are  cost-effective  systejiis  that  have  been  installed  and  operated. 
Data  obtained  from  experimental  system?  indicia te  that  they  function/ 
scTtisfactorvly  in  res'idenXial  buildings .    Fluids,  tha't  are  heated  by, 
solar  energy  in  fla-t-plate 'col Iqctons  are  sufficiently  high  in  tempera- 
ture  to  heat  space  and -hot "water  and' to* pravide  the  hot  water  to  drive 
a^absorptibn  cooling  machine.    Although  efficiencies  a'f  the  systems 
yary^  they  d*re.  generally  about  30  percent  and,  while  sucli  ai1^  effiqiency 
is,  safisfac^ory^  ^f*it  ^^i^^  imp^ved'bybett^er^compbnents  ai 
energy  cojsl,  the  improvemerf^  arexwortftwhile.    A  nqmhier'Jfff  new  features 
and  components. of 'systelns  are  b|ing.  researched  and^  many  couJd  improve'.. 
^  .system  performance  significantly.    Flat-plate  collectors  'Can  be  improved 
with  selective  coatings  or -redesigned  to  .provixie  greater  efficiencies  in 
heat  collection.  -^Stoi^age  witb  latent  heat  materials  cotild  -provide 

grea^i^heat  dapacjty  in^more  compact  space,  and  ^storage  for/'liqQid-r 

■    '  \  .  .  •  •  /  ^  ^  :    ^   '  , 

Systems  v/it*f  direct  contacl  heat  *x||Mnger  to  el  iminate  ^sorpp  haVdwarg  / 

"wuT<3^improV$^  system  perform  If -air  conditioning  Equipment  usjn^^ 

V  solar-heated  air  could  be  developed,  tb€^a^hea1?ing, solar  systems  could 

be  'used  throughout  tfje  year  for  heatilig  anii  cooling.    The^e  cind  many  ' 

oilier. future  prospec%  are -ih  store  for- s6H>^  tieaj^ing' and.  cool jng  ^stgms. 


OdSE 


'     This  rTKKiule  describes  some  prospective /P^aturj^s  and  components  in  ^ 
solar  heatings  an(J  coo4  fng  systems  that  Goul'd- improve  overall  system 
performanqe*   -The  objective  of  the  trainee  is  t^.  know  some  of  tjie  new'  '  - 
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features  that  could  become  economical  to  add  to  the  systems  described  in 

this  course  .and.to  recognize  that  considerable  research  and  development 
*  » 

effort  is -being  devotfed  to  component  hardware  in  solac^hjsating  and  cooT-^' 
ing^  systems. 

-       ';  SOLAR  COLLECTORS  " 

the  most  important  cQmponent  .in  a  solar^ system  which  could  improve 
performance  i-s  the  Bolar  collector.  Improvements  which  will  increase  ' 
efficiency  of 'energy^  c^ll  ection  and.  reduce  the  delivered  costs^^^are' 
practically  worthwhile.  AmoTfg^ny  interesting  possibilities'  are  the  , 
addition  of  selective  surfaces\to  absorbers,  and  collectors  with  the  air 
evacua^d  from  around  the  absorB^plates  to  reduce  heat  losses  and 
improve  collector  efficiency.  '  .        "  •  , 

^sEixcTivE  surfaces; 

 ~  ^"^ —  ^ 

.  Selective  sjjrfaces  have  high  absprptance  of  solar  radiation 'and  . 

/l,6w  .emittance  of  jK)ng-wave  ra'diation.    There  are  a  variety  of  selective 

surfaces  t^  could  be  used  on  flat-plate  collectors,  and  some  are  being 

'tested  on  experimented]  units.    Several  coatings  such  as  copper  oxide 

■? 

and  black  nict?|l^  have  been  available  for  a  long  time,,  but  technical 
problems  and  cost  have  linn;fee<j  their  use.    Black  chrqme  appefars  to  hold 
some  prromise  and  some  flat^plate  cdllectors  are  pcesently^  available  with 
sach  absorber  <:oatings^.    Characteristics  of  some ' selective  surfaces  are- 
listed  in'Table«22-vl..  ,  ,  ,     ^  ' 


22-3' 


'  ^         ,  Table  22-1  " 
Selective  Surfaces  Characteristics 


^    '-*^Codting  . ; 

^  Absorptance  ^ 

Emittahce 

•   Converted  Zinc 
> 

Black. Nickel 

'  'Bl^ck  Chrome, 
(i 

..0.90 
0.88 

0.92-  ^ 

0.071 
0.066 
0.085  -' 

\ 

EVACUATED  TUBE  COLLECTOR^  '       '  ,       '  , 

Evacuation  of  the  air  around  the  absorber  plate  i^potentially  a 
significant  improvemenl:  in.  solar' collectors.    There  'are  a  number  of 
diffef;ent  designs  that  are  being  assembled  and, tested,  and  at  least  one 
manufacturer  makes  them  in  moderat^quanti ties .    Evacuated  collectors 
witl '  piJoduce  more  useful  heat  than  standard  flat-plate  collectors  under 
the'same  sun  and  weather  conditions  because  the^Josses  f rom  thle  absdrbe 
are  greatly  reducec|/ ^Wijth  a*vacuum  surrounding  the  absorber,  conductio 
and  convection  losses-ar^  effectively  ne^l  igible.a'nd,  Mf  the  absorbfer 


co&tio'g'.is  a  ^Ife^^'ve  surface,  the  radiation  loss  i-s  small. 


One  desi>gn^T5y  Corning^ Gl.^SiffT?tDrks^  is  shpwn  1n  Figure  22-1 


Inside  ^n  evacuated  glass  tu^wh^ch.  iSjj^four  inches  in  diameter  is  a* 
copper  absonb^er  pfal^  with/ a  selective  surface.'  Bonded  to  the'plate 
is  a  co^er  U-tube  which  carries 'thd  heat  transfer  .fluid.    The  ends  ' 


of  '£he^tube  protrude  through  one  end  of  the  glass  tube, and  the 'absorber 
plate  is  free  io  expand  toward  the  other  end.    The  efficiency  range  of 

the  ciollecti^  vai       from  jibout  75  percent  when  .the  inlet  fluid  tempera 

X'     I      '  ^  '  ' 

'"^  ture^s  low  'to  ^ab(Hrt  60  perceot  when  the  fluid  lis^near  the'boiling 

temperature  .of  wB^er.    Most  flat-plate  collectors  have  high  efficiency 

'with  low  inlet  flthW  temperati|^es,  ,^t  hnve  low  ^ficiencies  whep  the 

fluid  temperature  is  near  ^00^^.-/  The  evacuated  tube  collector  has  a  . 
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Figure  22-1.    Corninq  G,l-ass  Company  Evacuated  ^e  Cpllector 


-significant' advantage  when  producing  high  temperature  heat  to  the  system 

'and  can'beused  effectively  with  solar  cooling  units  where  high  tempera- 

•         '"^  '  ^ 
tufe  fluid '.is  needetd.'^ 

An  evacitcited  tube  collector,  desi^n^by  tha  Owens-Il  finois  Glass 

Company  is  sJiown'in  Figure^22-2.  "There  are  three  cof^tric  glass  tubes 

with  the  middle  one  coated  with  a  black  selective  surface.    The  vacuum 

is  betwejen: the' outer,  and  middle -tubes.    Fluid  is  transported  through  the 

inner  tube  and,  as  it  passes  through  the  annul  us  in  contacf.With  the 

absprber  tube,  heat  is  transferred  from  the  glass. to  the  "fluid.. 

Two.53ther  evacuated  tube  collectors  Skve  being  experimentally  tested, 

ope  by  t6e  General  Electric  Company  for  use  in  air-heating  systems  and 

another;is  by  the  Philips  Company  in  West  Germany  for  1  iquid'^^systems . 

Many  variations  in  design  -of  evacuated  tube  collectors  are  possible; 

^  and' different  designs  wiVl.  gradually  advance  to  the  practical  stage. 

>       '  '  c 

T  * 

N  > 

i    '  .  .  ■     •  ■  • 

CONCENTRATING  CQLIECTORS     ^  ^     "    ^        -  ' 

f Concentrating  cpl lectors  are  used  when  very  htgh  temperature  fluid 

^  ^  ^  '  / 

is  .needed  to  drive  heat  engines  or  to  be  used  in  industrial  processes. 

*Lf  concentrating  coll^ectors  can  be  designed  to  be  more  efficient  than 

•/flat-plate  collectors,  op^e rate  reliably,  and  "with  little  mainteViance  so^ 

i  that  the  cost^of  delivering  energy  is  4ow,  then  such  collectors  can  have' 

I  potential  uses  in  residential  solar  systems.    Experience  thus  far  has 

I  indicated  otherwise,  but  there  is  considerable  research  ^underway  and 

t  hew  designs  for-concentrating  collectors  are  being  developed. 

I  '        One  type  of  low  concentration  collector  is  bfeing  developed  by  the  ^ 

Northrup  Company  and  is  being  tested  on  a  Jiumber  of  solar  systems  for 

rarge  buildings.    A  linear  focusing  collector  with  a  Fresnel  lens  .is  the 

type  being  developed  and  is  sbown  in  Figure  22-3.    The  collector  is-^^ 

P       ■  >  7iG.. 
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Figure  22-3.    FresrieT  Lens  Strip  Solar  Collector. 


mounted  with  the  axis  in  the  north-south  direction  and  tilted  at  an  angle 

With  respect  to  the  hori^srontal  plane.    The  collector  rotates  froin  east  to 

west  during  the  day  so  that  the  direct  rays  from  the  sun  are  focused  into 

the  absorber  tube.    A  distinct  disadvantage  of  concentrating  collectors 

is  that  gn]y  the  direct  rays  from  the  sun  are  used>  9S  the  diffuse  radia- 
♦ 

tion  cannot  be  focused. 


THERMAL  STORAGE 

ConsiderabU  researches  being  devot^d^  toward  the  utilization  of 
salt  hydrates  and  other  phase-change  materials  for  storage  of  J^ent 
heat.    The  principal  difficulties  are  packagjng  the  storage  materi'al 

-    .  719 
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and  strati fication  or  separation  of  the. material  after  a  few  hundred 

'cycles  of  phase  changes.    One  advantage  in  the  use  of  phase  change 

materials  is  supposedly  the  smaller  storage  volume  required,  as  com- 

parefl  to  water  or  rocks.    However,  a  solar  heating  and  cooling  system 

requires  a  water  volume  of  only  two  gal.lons*  of  water  or  one-half  cubic, 

Voot  of  rocte  per  square  foot  of  solar  collector  area  a\0f  in  a. typical 

system  with  500  square  feet  of  collectors,  the  water  volume  needed  is 

^  about  1000  gallons  or  about  350  cubic  feet  oIaVocKs.    When  packaged  " 

♦ 

,phase-change  material  is  arranged*in  a  container  with  adequate  surface 
contact  with  the  heat  transfer  fluid  from  the  collectors,  is  diffi- 
cult  to  achieve  a  significantly  smaller^  volume  of  storag.e.* 

With  proper  materials  there  is,  however,  an  advantage  m  being^ 
able  to  obtain  a  sustained  Constant  temperature  of  the  heat  delivered  * 
from  storage.    This  property  of  latent  heat  storage  maferials  can  be 
used  to  advantage  in  solar'cbol  ing  systems,  bot+i  in  the  hot  storage 
and  cold-storage  tanks.        _  " 

Another  future  prospect  for  storage  of  thermal  energy  is  in 
chemical  methods.    Chemical  st^^ge  offers  technical  possibilities 
that  sensible  and  latent  heat  storage  do  not.  '  These  possibilities 
*  include;  (1)  long-term  storage  without, need  for  insulation  and  without 
thermal  loss,  (2)  storage  at  high  energy  density,  and  (3)  recovery  of 


stored  tWrmal  energy  at  temperatures  above  or  below  the  original  ^ 
temperature.  *  Although  no  thernio-chemical  system  appears  imminent, 
in  concept  at  least,  this  method  of  storage  can  have  important 
applications  in  terms  of  supply  and  demand  and  improving  thermal 
efficiency. 
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HEAT  EXCHANGER 


'  The  disadvantage  of  a  heat  exchanger  in  present  J  iquidj^ieating  solar 

systems  is  the  temperature  difference  needed  to  transfer  the  heat  at  the 

heat  e-xchanger.    A  temperature  difference  or'lO  to  'ZQ^'F  has  a_,^signifi- 

cant  influence  on  the  amount  of  useful  heat  delivered  by  the  system.  The 

*  ft 

temperature  in  storage  is  low  and  the  Collector  efficiency  is.  less. 

A  heat  exchanger-storage  combination  unit  is  under  inve'stigation 
where  heat  is  transferred  from  liquid  droplets  that ' transport  heat*  from 
the  collector  to  water  in  the  storage  tank.    A  liquid  that  Is  immiscible" 
in  water  is  pumped  through  the  solar  collector  and  through  the  storage 
tank  as  droplets.    If  the  density  of  tfle  liquid  is  substantially  different 
from  that  of  water,  the  liquid  droplets  will  either  rise  or  descend 
through  the  water  in  the  storage  tank,    A  sch^atic  of  a  heat  exchanger- 
storage  unit  is  shown  in  Figure  22-4.    For  the  illustration  shown,  the 
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liquid  Js  heavier  than  water.    The  Uquid  is  delivered  _to  the  top  of 
tbe  tank,  i-s  broken  up  into'droplets  at  the  perforated  plate,  and 'collects^ 
.in  the  bottom  cone..  The  teirip^erature  difference  between  the  droplets  and 
the  storage -water  is  only  about  rF  or  less,  with  substantial  heat  trans-  ■ 
fer  occurring  across  the  large  collective  area  of  the  droplets.  Jhere- 
are  several  possible  liquids  that  can  be  us?ti  and,  although  not  named,' 
their  properties  and  approximate  costs  are  listed  in  Table  22-2. 


Table  22-2 
Properties  of  Possible  Collector  Fluids 


Fluid, 

Freezing 
Point 
(°F) 

Boil ing 
Point 
(°F) 

Spec>f ic 
Gravity 

Cost . 

($/gai) 

1 

"'"-31 

698 

1 .116 

2.98 

2  . 

.  -36 

'-734 

1.208 

6.91 

3 

-31 

•  644 

1.048 

.  3.32 

4 

-41     '  • 

■  568 

^.m 

3.46 

•  5 

-27 

415 

-  1.043 

10.45 

6 

,-13 

770 

1.162  . 

8.63 

•..  7 

-76 

.782 

0.927 

3.79  - 

8 

•  '  -67 

478 

0.913 

9.80 

SYSTEMS 


At  present  the  only  commercially'available  cooling  urfit  in  small-  , 
size  that  is  operable  wtth  solar-  energy  is. a  lithium-bromide  absorption-, 
cooling  uni.t.    As  mentioned  "el  sewhere  in.Jthis  manual,  there  are  a  number 
of  .different  experimental  cooling  untts  tha^re  being  ^developed,  such 
as  the-heat  engine  driven  refrigeration^-machfne  and  amnfonia-water 
confinuQUS-cycle  unit.  ^ 

722...  •        ■    I  . 
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There  is  also  significant  effort  being  made  in  the  development  of 
^so-called  total  jenergy  systems,  whqre  high  temperature  heat  from  solar 
'energy  is  used  to  generate  electricity  and  the  low  temperature '"waste" 
heat'is.'used  to  heat^nd  pool  a,  cluster  of  buildings/ •  Such  systems  are* 
likely  destined  for  specialized  use  in  grouped  facil it1es  suCh  as 
military  bases' but, ^with  some  variation,  may  serve  a  number  of  homes  or 
apartment  complexes.  ,  ,       .  . 

Jn  the  long  term,  development  of , photovoltaic  systems  for  residen- 
tial  buildings  is  a  possTbil ity/  Electricity  thfat  is  generated  could 


operate  the  heating  and  cooling  system  in  the  house.    Whether  photo-* 
voltaic  systems  will  ever  be  low  enough  in  cost  to  be  competitive  with 
electricity  generated  from  fossil  or  nuclear  fuels  is  an  open^  que^ion, 
but  a  considerable'^mount  of  effort  is  being  devoted  to  improve  efficiency 
reduce  the  costs.  ^ 

_Other  improvements  in  systems  which  utilize  solar  energy  are  hybrid 
systems  consisting  of  passive  as  well  as  active  components.    There  has 
not  been  much  effort  toward  development  of  passive  systems  except  by 
architectural  treatment  of  windows.    While  this  effort  has  been  signifi- 
cant,  more  direct  heating  of  residential  space  with* passive  systems  may 

minimize  the  size  of  the  active  components  and  thereby  reduce  over;all 

»  ✓  ■» 

costs. 
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INTRODUCTION 


J.n  addition  t;o  understanding  tbe  jdesign  and  operation  of  .sola^ 

'^heating'  systems, ^siippliers  anci  user^s.  shoul d  be  acquainted  with  several 

Other  aspects  of  solar  heating*    In  order 'that  intelligent  selection* 

of  equipment  can  be  made,  knowledge' of  industry  standards,  equipment  ^ 

wairrantie's,  pe^^fojanance  ev^iluatioh  data,  and  related  topics  is  nec^s^ary^ 

evaluations  have  beea-^pepform^d,  their  results  need  to  be  available 
'  \   '  ^    ^  ^ 

to  the  supplier. and  useA  TKI  kinds  of  data  required  for  such  appraisal' 


must  be  und^stood.v  "ilpftdvairtages  and  the  disadvantages  of  thejnain 

-  ^-'  ^^    '  ^         .  ,     ,  , 

'  system  types  for' a  s|^if*fc  .application  are  particularly  important/  • 

Knowledge  of /(the  type  of  hardware  available,  their  cost,  and  their  com- 

patibility  with  "other  components  in  the, system  is. essential .    Such  Items^ 
"*  -  ♦  • 

as  safety  and  dur-ability  are- additional  criteria  for  equipment  evaluation 
and  selec^n. 

Within  this  moduli,  the  main  points  enumerated  above  are  addressed, 

and  a  gjfide  to  t|pir  cofw^€le^ution  is  presented*-   Because  of  (a)  the 

newness  of  the'solar  equipment  industry,  (b)  limited  experience  in  .the 

use  of  fuliy  commer(*ial  sys.tems  in  non-subsidized  installations, ^c) 

•Jack  of  criteria  for  sy^^tem  evaluation  a^^ertification,  and  (d)  lack 

of  information  on  durabil  ity,  ^mar^ketabil  ity,  and.  qther  factors, 'much  of 

the  materi^al  here  outlined' is  tentative;  rapid4y"^clianging,  and  highly 

variable  in  time  Sind  place.  <  The  following  info?!«ation  should  therefore 

be  consi^derecf  a  gutde  catheV^han 'a  set  of  specifications* 

^  •  I 
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OBJECTIVE  ■ 


N^he 'objectTve  of  this  moduVe^s  to  provide,  the  trainee  with  guides^ 
to  tH^. purchase' of  equipment'for, solar  .heating  systems.    The  refer^ce 
list  of  manufacturers:  of  "equipment  is  not  intended  to  be  all  inclusive. 
Cuitlel'ines  for  choosing  sola>  equipment-and  systems  are  provided,  not 
or>ly  in  this  module,,  b'ut  throughout  this  manual, 

.:  ■  #  AVAILABU.11^  QF«5YSTEMS  ANO^  COMPONENTS 

.-     ' ;  '      '  .  .  '  ■  a  ' 

. '    •      '      :  •     .■       .     .     '  . 

COLLECTORS.  .  .  ,  ~        .  »  ^ 

/  '  ■  '    '  .  ' 

■  A  directory  of  manufacrarers  and  suppliers  of  soUr  heating  (and 

coolin-^  equipment  has  been  publ i shed ^by,  the  U.S.  Energy 'Besearch. and  S 

Oe\/elopm^t  Administration  under  the  title,  ^'Catalog  on  Solar  Heating"  ^ 

arid  Cooling  Products" .  - Publ.ished'in  November  1975,  and  aesignate,d 

EROA-75",  it  has  been  updated^ by  the  Solar  Energy  Industries  Association. 

AmOfig  scofe?  of  organizatiorts  listed  as  manufacturers  of -solar  heating 

equipment,  possibly  a  dozen  firms  have  supplied  .or  could  furnish  .solar 

c6nectors*in  quantities  of  thousands  of  .square  'feet  with  one-  to  *two- 

•month  lead  Ume^for  delivery.    A  listing'of  iom&  firms  Js  shown  in  Table 

•23rl.    The  Ti5t  is  not  intended  to  be  complete  rior'is  the  inclusion  ot, 

a  firlfr  intended  to  imply  relative  usefulness  (inefficiency, -ducabil ity,,  , 

*  ^      '  I    •  . 

'cost,  etc.)  of  the  product.    The  list  contains,  however,  most  of  the 
'firms  having  sold  collectors,  for  space  heating,  td  residential  users 
'  an«l"  to -the  federf^government  in  total  quantities  of  thousands  of  square 

feet.    Thet  typo  of'col  lector  manufactured-  and  miscellaneous  coni»onls 
.  are  also  presented.  ^ 


Table  23-1- 
'Se>ected  Co-ll ector- Mahu-fat 


Name  of  Firm  ' 

• 

Collector 'Type 

'collector "Materials  . 

Amelek  « 

f 

Liquid.  . 

,  Copper,  glass  {l )  or  (2) 

Cham^erlBin-  ' 

Liquid  ' 

Sttfiel,  "gflass  (2) 

Gerteral  Electric 
♦ 

Liquid  \ 

AlUn^irTum,  lexan  (2*)' 

Grumman 

Liqufd  ^  ^ 

Copper,  glass  (2) 

'  Honeywell 

Liquid*  ^ 

Copper-steel ,  glass  (2) 

'  Lennox^  . 

Liquid    , *  ^ 
.  Liquid 

See- Honeywell 

Oweits-minois 

Glass  (evacuated  tube) 

PPG  \ 

*  1  "i  nil  1  H 

fnnnpr    dna«;s  (2^  ^ 

Revere 

'  Liquid 

Copper,  glass'(2)  or (1  )^ 

'Solaron 

Air       ,  '< 

Steel ,  glass  (2) .  , 

Sunsouree 

Liquid  ■ 

4 

^Sunworks  "  i 

'    It  • 

^   Liquid  err  air 

•Copper,  glass  ^1 ) 

*  * 

4t 

4 

■  ■   \  J  j  -^-r-  

CONTROL 


< 


In  addition  to.  the  equipment  listed  above,  another  commercially' 

------         .  ^  »  I 

available  component  is  *the  control  system.    The  specia"!  unit  in  most 
solar  heating  control  systems  is  the  differential  thermostat  with  its 
temperature  sensors  for  insertfon  jn  collector  and  storage.    Also  avail - 
able  are  control.  {)anels  for  connection  of  the  differential  thermostat, 
the^room  thermostat,  and  the -various  relays  and  mdtor  actuators  for 
blowers V  pumps,  and  valves  and  dampers..   The  controllers  may  be  of  the 
conventional  electromechanical  ty^  with  bimetallic  temperature  sensors 
pr  thermocouples  or  thernjistorsi  along  with  mechanical  relays;  for  ener- 
gizing  motors..  Also  ^available  are  sol  id-state  controllers  V/ith  therrtls.tof 
and  thermocouple'*  inputs  and^ ^oj id-state  switches  r^ind  relays  producing 
appropriate  electric  outputs,' to' motors/ 'Electromechanical  types  are  more 
familiar  to  heating  system  installers  and  service  personnel ,  whereas 
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solidrState  units  will  probably  (emerge  as  thd  ftiore  compact  and;economical 


system 


<  • 


Suppliers  of  control  components  and  special  control,  systems  for 
solar  heating  include  long-establ i shed- firms  .ia  the  general  control  '  * 
business  as  well  as  neV/  companies  and  groitps,  special iring  in  specific 
"solar  control  e^quipment.    A  representative  list  of  compa^nies  offering 
differential  temperature  controllers  and  complete  solar  control  systems  ^ 
IS  shown  in  Table  23-2,  .  .      '         .    -  , 


Table  23-2      '    ^'  . 

^  4  .  •  ^  . 

,  Selected  Suplpliers^  o^ Solar  Heatiag  Controls 


Barber  Coleman      ;     '  ^ 

Deko  Labs  '  .  . 

Helibtrope  General 

Hon^weVl  • 

Penn* Controls  '  '  ^ 

Rho' Sigma' 

^  Roberts  haw ,  Control  s^  Qomp^any 

Solar  Contrp'^ s  '  * '  '  ^ 
(formerly  Zi a' Associates) 


HEAT  STORAGE 


Another 'impo-rtant  componeat  of  the  solar  Kfeating 's^temo's  the  heat 
storage  unit,  but  there  appears  to  be  no  conirif^rci^)'  offering  of  that 
item.    In  the  liquid  system,  a  cohventiqnal 'tknk  of  *  som#  typre  J  s  purchased 
With  the  air  system,  a  bin  is  Qsu^l ly  xonstructe'^^on- si  te  by  the  contrac-" 


"  tor  and  fil.led  at  a  suitable  time  with  screeried  gravel.  • 
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COMPLETE  SYSTEMS'     .    ,  .      '  .  .  '    \  ' 

Several  collector  manufacturer^  aVso  provide  cotnpTete  solar  heating 
systems-^   Their  products  co'ns.ist  of  collectors,  accessory  hardware  for 
^collector  support  and  connection,  pumps  and/or  blowers,  prfeassembled  fluid 
handlers  compriskig  motors,  blowers,  automatic  damp6r5,  filters,  water  '  . 
heating  coils  (fojc>^he**'ai  r.'system) ,  .and  nx)tor5,  pumps,  automatic  valves 
(for  the  Itqald  system),  and  controls,  including  sensors  and  circuitry  * 
for  actuating  the  varioi%  motors,  in  the  system.    Some  companies  also  sup- 
^^J^^ater  heating  accessaries,  including  heat  exchanger  afid  tanks,  when 
*that  •option  is  involved..  The  ^.qppl'iers  of  complete  solar  heating  systems 
.db^not  usually  furnish  ^a-iieat  storage  unit,  because  its  size  and  local- 
:ava1lability  usually  make  Its  local  procurement  more  practical .  Sizing, 
layout,  a/id  detailed  design  are  also  offered  by  some'system  suppliers. 
*  Thes^  firms  provi3e  the  inforriiatio'^n  necessary  for  installation  of  their 
equipment  by  heatin'g  and  plumbing  contractors  having 'l  ittle  or^no 

* 

experience  in  solar  equipment  installations.    Table^  23-3. lists  ^  few 
^f  the-. known '  sut)pl  iers  of  complete  solar  heatfng  systems.^ 


Table  23-3     '     \  • 

Selected  Solar  Heating  System  Suppliers^ 

^Nfime  of  Firm  '  > 

Type  of  System 

Days  tar  ' 

llonfreezing J iquid  collection  and  storage 

General  Electric 

Nonfreezing  1 iquid' collection  and  storagd 

Honeywel 1  ^ 

j^onfreezing  liquid  coJ lection  and  storage 

1 

Piper  Hydro  , 

Water  col  lection  (nondraining)^and  storage 

Reynolds 

Water  collection  (drainablej  and  Horage 

Solaron*  * 

Air  collection,  pebble-bed  stdrage   '  ^ 

Solar  ptil i ties  Co. 

Water  col  lection  (nondraining)  and  storage 
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'EQU^ENT  PERFORMANCE  DATA 


Most  of  the  suppliers  of  solar  heating  system  components  ^provide 


technical  data  on  their  performarice.    Mo$t'  of  the  Collector  data  sheet? 
contain  information  on  solar  heat^otlection  efftdiency  at  various 
\emperatures  and  radiation  levels.    Some  include  Information  and  instruc 
tions  for  siziH^  solar  heating  systems  ^rfS  installation  procedures..  At 
least  one  firm  offers  an  extensive  manual  covering  Mts.'products,  instruc 
tions  on  their  selection  and  sizing^  and  their  assembly^ ^installation, 
and  servicing.  %" 

It  should  be  recognized  that  some  of  the  manufacturers'  literature 
con-tains  information  which  has  not  been  verified  by  impartial  analysis, 
and  th^at  th^s^ta  may  not  be  representative  of  performance  under  typical 
operating  conditions.    The  user  is  adviseO  to'proceed  with  caution  in  ' 
applying  manuTa'cturers'  performance  figures  that  have  not.  been  indepen- 
•'dently  verified.  -  '  , 

Standardised  procedures  arfd j'nstrumentation.  for  testing  solar  equip 

-  ;  ^'     '      ^  '  . 

ment  have  been  developed  by  the  National  Bureau  of  Standards  (NBS)  an'd 


are  .described  in  two  reports:  .  ' 

•    "Method  of  Testing"  for  Rating  Sol 5 r^  Collectors  Based 
on  Thermal  Perforfflar|ce\  NBSIR-74-.635.    Hill  and  . 
Kusuda,  Center  for  Buil  ding,  techriolo^y,  NBS,  December 
19Z4,  Interim  report  prepared  for^the  National  Science 
Fbur\dation.  •      .  -     -  ' 

"Method  of  Testing  for  Rating  Thermal  Storage  Devices 
Based  on  Thermal  Perfomiance",  NBSIR-74-634 .  Kelly, 
and  Hill,  Center  for  Buildin'g  Technology,  NB?,     ,  \ 
'  I    March  1975,  Interim  report  prepared  for  the  Energy  » 
I    Research  and  Development  Administration. 

■      \_  ■ 

/.      .  ■  • 
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Although  the  testing  procedures -'described  in  these  reports  are  not 
mandatory  for  the  rating  of  equipment,  they  are  being  accepted  by 
governmental , purchasers  of  solar  equipment. 

7 

i  ^       Numerous  solar  collectors  of  the  liquid  heating  type  have  been 
tested  independently  by  the  NASA-Lewis  Research  Center  in  Cleveland. 
-Reports ^of  their  performance  oVer  a  range  of  conditions  are  available 
and  can  be  used  as  a  guide  to  equi.p^ient  selection.    These  test  Results 
may  also  be  compared  with. the  performance  claimed  by  the  manufacturers 
in  their  data  sheets.    Additional  testing  of  liquid  heating  colleTteiis— „ 
is  also'  in  progress  in  several  ^independent  laboratories.  . 

-  There  have  been*  no  independent,  evalyatiqilg  and  tests  of  solar  air 
heaters,  but  facilities  are  beipg  establi5hed  at  the  National  BuPeau 
of  Standards  and  at  the  *NASA-Marshall  Test  Center^  in  Huptsville,  Alabama. 

Facilities  for  testing  and  evaluation  of  complete  solar  heating 
systems  are  extremely  Limited',  .  Colorado  State  University  has  three 
identical  residential-type  buildings:  in  which  various  systems  are  being 
developed  and  evaluated.-  This  program  is  producing  information  which 
can  gui  'e  the  choice  of  general  system  type,  and  will  al^o  yield  detailed 
operating  da^^n  specific  systems.  •      .  ^ 


•/ 

■SELECTION -OF  COMPONENTS  AND  SYSTEMS 


Choice  of  equipment  for  solar  heating  involves  a  knowledge  of  the- 
characteristics  that  ^are  significant  (and^xri  tical  y  and  the  advantages 
and  disadvantages  of  each  system  type.    Besides-  the  information  contained 
in  this  manual,  reference  may  be  made  to  a  helpful  government  publication, 
"Buying  Solar",  p^^blished  by  the  Federal  Ervergy,  Administration,  4^"^  ^^76.. 
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Among  the  factors  most  important  in  equipment  choice  are  the 

quality  of  matjSfials  and  workman'Vt^^p  collector,  control s , -and 

fluid-handling  equipment,  the  suitability  of*the  materials  and  equipment 
# 

-to'  the  application  {involving  such  factors  as  durability,  dependability, 
and  safety),  heat  recovery  efficiency  over  the  range  of  operating  con-  . 
ditions  encountered,  equipment  cos'tr  and  in?falla'tjon  cost* 


SELECTION  0^ SYSTEMS         '  .  -  •       '  '       '  i 

The  syst^i  types  requiring  cjijpice^are  -primarily  the  flatrplate"  7 

1  iquid-heatingJ^ollector  and- associated  equipment,  and  the  flat-plate 

air-heating  collector  w^th  *i^ts  pebble-bed  storage,  and  air  handling 

facil4^ty>-^Aqother  possible-choice  is  a  system^  incorporating  an*  - 

evacuated  glass,  tubular  collector  .in  eilher  an  air  heat'ing  or  water 

heating  system,    So-c*alled  pas^s.ive  systems- involving  collection  and 

storage  of  heat  by  materials  on  or  in  roofs  and  walls  of  buildings.   *  ^  - 

*  -    *  • 

rarely  are  candidates  for  selection  because  (a)  their  practical ity  has 

not  been  'proven,,  (b)  there  is  no  manufacturer  of  such  equipment,  and 

(c)  if  used,  these  systems  are  essentially  part  of  the  building  rather 

than  a  heating  system.    Finally,  a -system  based' on  use  of  a  focusing* 

collector,  although  one  is  commerciall/ available,  would  seldom  be^a  . 

candidate  for  residential  use  because'of  high  cost,  tracking,  ret]ui re- 

meats',  and  maintenance  demands,    fven  for  cormiercial  buildings,  the^ 

high  cost  is  a  deterrent  to  -general  use. 

QUALITY  OF  MATERIALS  AND  WORKMANSKIP 

Durable'materials  ami  high-qual i ty  workmanship  are  necessary  for? 
efficient,  /trouble-free  operation  of  solar-heating  systems.  Visual^ 
inspection  will  often  separate,  the^  good  and  poor  oquipihent.  Otiier  criteria 


are  records  of  s|^sfactory  use  in  previous- installations  .compliance 
with  oiininiu!U_,property  standards,  and  recommendations  from  Impartial  . 

•  ■i.  ~ 

Specialists.    With'liquid  systems,  the  collector,  storage  unit,  heat  ex- 
changers, i.f  used,  ^nd  pumps  and  piping  should  be  made  of  materials  which 
are  completely  compatibl e' with  the  liqu-ids  being  used  in  order  that 
corros'ion  wi'l.l  not  prematurely  damage  or  destroy  the  sy'stem  or  its  compo- 
•nents.    The  collector  and  other  parts  of  the  systeip  must  also  be  aWe  to 
'withstand  the  maximum  and  minimUhi  temperatures  to  :wtTW  they  are  exposed. 
The  absorber  Elate  in  an  efficient  collector  of  the  flat-pl^te  .type  can 
reach\emperatures  above  350°F  when  fluid  circulation  is  intert^ted 
accidentally  Qr  purposely,,  and  there  should  be  no  material  in  the  fcollec- 
tor  not  capable  of  withstanding  no-flow  temperatures  for  prolonged  peri 
Wood  or  other  materials  which  can  outgas  a-t  these  iemperatures  should 
never  be  used  in  a  solar  collector.    If  inspection  shows  the  presence  of 
such  materials,  the  collector  is  clearly  unsuited  to  normal,  space  heating 

k  -a 

appi  i-cations. 

SELECTION  OF  COLLECTOR 

The  efficiency  of  the  collector  in  recovering 'solar  energy  , in  a 
heated  fluid  is  the  primary  determinant  of  the  size  of  collector  required 
for  supply  of  a' particular  fraction  of  the  total  heat  requirements  of  a 
building.   And,  although  this  is  an  important  criterion  for  collection  « 
-  selection,"  installed  cost  per  unit  area  is  equally  significant..  Assuming 
two  stales  of  collectors  have  equal  durability,  the  one  having  the  greater 
heat  delivery  per_^dollar  of  first  cost  is  the  superior  choice,  recjardlcss 
of  thb  efficiency  and  the  cost  themselves,    in  other  words, -an  increase 
of  a  ^ew  percentage' points  in  effitipncy  which  might  be  achieved  by 
doubling  the  cost  per  square  foot  is  not  advantageous.    The  purchasef- 
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should, therefore,  base  t^e  chxnce  among  various  collectors  of  the  pneral 
type  selected  on  rel  iabl e 'efficiency  measurements,"  dal  ivered^ri^cfe  of 
the  collectors,  and  the  cost  of  instal 1 ation, determined  by  the  installer's 
bid  or  the  cost  of  installing  similar  systems  in  other  build.ings- 

,   Uilless  the  solar  col  lection  ^effjciency  claimed^y -the  manufacturer  has 
been  independently  verified  or  reliably  confirmed  by  theoretixal    '  ^ 
analysis,  it  should-not  be  accepted  without  'question. 

As  noted  in  Module    4,  the  sizing'of a  solar  collector  and  associated 
equipment  for  carrying  a  certain  fraction  of  the  total  heating  load 
cannot  be  based  on  some  collector  efficiency  measurement  at  ''ideal" 
conditions  characterized  by  a  fu]  1  sun  nearly  pe^rpendicular  to  the 
collector  and  at  smalLto  moderate  temperature  difference  between 
.    collector  fluid  and  the  surrounding  atmosphere.    Seldom  is  the  collector 
operating  at  such  favorable. conditions  in  nonnc^l  use,  so  average 

i   efficiencies  are  far  below  such  a'levef.    In  the  selection  of  solar* 
equipment,  'however,  performance  of  collectors  among  a  single  general 
type  can^'Be  compa^  at  the  i*deal  ^conditiorrsr    If  collector  efficiency 
is  reported  over  a 'range  of  solar  intens ities^  and  temperature  conditions, 
comparison  can  be  i^de  at  poor  operating  con'di tions  as  well  .as  the  better 

#ones.  ^  ' 


The  two  items  probably  most  commonly  overlooked  in  the  selection 
solar  collectors^and  other  System  components  are  the  durability,  or 
,    apparent  useful  life,  of  the  equipment  and  the  cost  of  i^ts  installation 
in  the  building.    The'annual  cost  of  ownership  of  the*equipment  is 
approximately  inversely  proportional^  to  tlie' useful  life.^n  other 
words,  if  a  sol ar- col  lector  must  be  replaced  in  15  years,  ^there  is  no 
^  advantage  in  its  purchase  at  half  the  price  of  another  col  lector -having 
_  a  3p-year  life:    Numerous  collectors  are  on  the  n^TH^t  today. which' 
-  .       ^      ,  (3b 
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cannot  be  exp^ted .to.  operate -satisfdctorily  even  for  10  years,  so 
their  purchase  at  prices  as  low  as  $5  per  square  foot"  appeai^s  unwise. 
A  collector  which  costs  $12  to  $15  per  square  foot  that  can>e  expected 
to c function  Sltisfactorily  over  the  entire  life  of 'the  building  is  a 
far^  better  investment.  r  ^ 

COMPARISON  OF  SYSTEf^  TYPES       ,  ,  ■:  \- 

^  "  ,  CI 

The  two  major  types  of  sy.stems  now  available  commercially  are  those 
'.which,  employ  a  liquid  for  transfer  of  heat  from  collector  tp  storage 
and  tho^e  which  utilize  air  for  the  same  purpose.    The  so-called  passive 
types, ',in  which  collection  and  storage  are  combined,  are  not  commercially 
manufactured  because  they  are  so  closely-associated  w.ith  the  design  and 
construction  of  the  bui-ldin.g  that  tliey  aVe  primarily  architectural 
considerations.  ^     \  ■  '  , 

Nearly  all/tf_the  air  and  water  system  types  involve  collectors—- 
•  employing  flat-metal  absorber  plates  overlaid  with  flat-glass  sheets.  ^ 

A  modification  of. this  design  is  applied  i.n  the  several  variations  of 
^  the  evacuated  tubula/^col lector  for  air  or  water  heating.    A  focusing 
'type  of  collector  employing  a  transparent  plas-tic  Fresnel  lens  is  also 
receiving  specialized  experimental  use.  ►  »  ' 

ADVANTAG«S  01?  LIQUID  SYSTEMS  -    '    .  ,  .  . 

'In-comparing  uir  and  liquid  han'ciling  \x\  systems,  each  has  advantaqes 
afld  disadvanta^ges.    The  primary  adva/itages  of  the  liquid  system  are  due 
to  use  of  a  low-cost "fluid  with. high  -heat  capacity.    Relatively  small 
•  piping  .for  trarisferring  heat  f^n  collector  to  storage  .and  from  storage 
tcTthe  heated  space  i.n  bydronic 'distribution  systems  is  an  economic 


advantage,  particularly  in  large  buildings.    The  volume  of  water  in 
which  a  given  quantity  of.  heat  can  be  stored  is  much  less  than  required 
of  any- other  material  not  undergoing  a  phase  change  of  some  type.'  Heat 
stora'ge  in  materials  undergoing  phase  changes  is  'not  coinmercial ly  practi.- 
tal,  so  water  is  the  most' compact  heat  storage  material  now  available.  " 

Another  advantage  of  the  liquid  system  is  its  ca^*ability  fo'r  solar 
air  conditioning.  y\l though^uch'  systems  are  not.fylly  developed',  they  ■ 
do  have  practical  possibilities,  particul arly  Jn  larger  industrial  and 
commercial  buildings.    An  additional  advantage  inUhe  1  iquid^systeiii  is 
the  number  (jf  cofl^mercial  manufacturers  of  liquid  heating' ^tl^  collectors 
Various  styles,  materials  (al uminum,.  copper,  and  steel),  transparent 
coverings  (glass,  plastic  films,  and  heavy  plastics),  and  sizes  are 
available.    Finally,  a  large  amount  of  experience  is  available  with 
liquid  collectors  (originall-y  used  for  hot-waiter  supply),  including 
theory  as  well  as  practice. 

-DISADVANTAGES  ^F^  tlQUID  SYSTEMS     '  -  '  .        ■      ^  ^ 

The  disadvantages  of  1  iquid  "systems  result  primarily  from  the,* 

chemical  and  physidaf  properties  of  water.    Its  freezing  point,  boiling' 

pointy  and  chemical  reactivity  with  metals  require  designs  and  f^terials 

which  cart- add  substantial  cos.t.to  a  solar  heating  system.    In  nearly  all 

p^rts  of  the  United 'States,  water  woul d  occiasional ly  freeze  in  a  solar'  ' 

collector  and  cause  extensive  damage.    A~  fail-safe  drainaye  system  must, 

therefore, be  providod  if  water  is 'used-  in  the  collector,  or  a  non-.- 

freezing  liquid  must  be  used,  wnhv4ieat  exchange  to  water  s^torage  in-a^' 

part  of  th§  building  where  freezing  cannot  occuK.    A' sel f-draining 

-     «  ^  ■  . 

collector  imposes  .some  desigr^ restrictions,  and  the  periodic  filling  of 

the  collector  tubes  wi-th  air  imposes  limitations  on  the  types  of  metal 


whi^'^anbe  u^ed.    Nonaqueous-  l^at  transfer  liquids  may  be  used'in^e 

•  ^-a      ' "  '  ■  '"at A    *  '         >  • 

collector  loop,' bat  their  praW:'ical  util  ity„  ha/ yet  .to  be  adequately  • 
dentonstra  ted.        •       .        >  '   '     '  ^  \ 


*     'The  dBrrbsivepfess'of  water  in  contact  with.abuminum  or  steel, 
the  presence  of  air,  is  a  factor  which  must  be'<:onsidered  ^^^^0  design 
and  us'e  6/  wateT-t>eating  sola^  collecfeors.    Galyarjic  corr*|^'(*i^n  .the 


presence  of  of^er  metals)  of  aluminum  in  water  must.be  a\ 

/suitajrijiknon-fconducting  connections  in  t^^ system.    Pitti'ng  corrosion 

of  aluminum.- irr  the -presence  of  sVigh^t  met^ill  te^  impuritjes  as^ell  as 

<iissolved  oxygen  and^  impurities^^in^he  water -nfty  resuTt  in  early  failul^ 

of  thecal uminum  "tubes,  parx<Le<uarly  if,  thin.-walled.  'breakdown  of  ^nti- 

*     <  •  J" 

freeze  solutions -(ethylehe  glycol,  fer  example)  to  actdic  compound^  can# 
^accelerate  corrosive  attack  and  mus^  b^avoided  by  suitable  preventive'  • 
Qiaintenance^  •  i 

Steel  Ms  less -sQ^ject  to  attack  tban  aVuminum,  but  precalltions. must  ^ 

'  ,  "  \- :  ^  ^      *      ^  ^ 

nevertheless  be  ta^en.    The  probable.  1  ife  of  a  steel  collector  is  greater 
than  that\of  9n  ^aluminum  co-Mectpr  having  the.  same/ tu^-th^cKness.^   ,     ^  ,  . 
Perio'tft.c  drxiining  and  "fflling. with  air  must^ jiowever,  be  avoided.. 
Copper,  at  least  for^bes,'  appet^i^Srvto  §e  the  most  durable  and^depen^- 
^ble  material.    The*  only  disadv&ptage^^fts  substantially 'higher  cost. 
/\  pTa t e - ty penpo p pej^co T 1  ec r  requires  an  outlay  rough>^f .three  (^ollars 
per  sfeciarejoot  in  excess  of  tha.t  for  aluminum.    At  the  retaiu  l^el,*  ' 
tHis  ^itference  could  be.  as  inuc^h^a^s  fiva  to  six  dollars  in  selling  price. 

'  ;vrttl^arjy  ^f  the  meta\s  i^ed  for  water-Jieatjng  collectors,  corrosion 
inhibitors  can:  be  ^ddeii  to  the  sojutioh  -{whether  freeze-pro t;ected  or  not)  % 
"•thereby  substantially  extending  the-\ife  of  the  equipment.    The  inhibitor- 

itself,  however,  must  be  maintained^ at  suitable  concentration 'h'y 

«  •     •  •  j*^       *  '  •      ,    '  ^ 

periodically  checking  and  adding  when  npcessary.^  .  •  — :  ^ 


jjsadvantage  x)f  the  water  sys^eniJts  the  boiling  whl6h  occurs, 
if  cIrcWration  is  lost^'during  sunay -weatheV./  The  system  mi^Tt  be  desigqe'S' 
vyfth  appropriate  vents  or  relief  valv1^§  to  permit  discharge  oTlteam^when  ' 
these »J(Pftiri&s  occur..   If  the  condition  persists  for  severaThours,  daere 
can  be  so  much  loss  of  fluid  that  ^^^c^^je^s  then  necessary.  .For'  typical 
resident^ial  9nd  oonmercial  installatTon|,  a -maintenance,  man  would  haye  to 
b^*Galled,  ancl  additior^al  antifreeze  agent  (if  used)',  corros'ion  inhibitor, 
and  water  i^Duld  have  to  bemadded.    These  requirements  impose  costs  which 
must  be  considered  in  any  comparison  of  systems..  t 

In.  a  well-desi.gned  and  maintained  liquid  system,  damage  to^he 
building"  and 'its  contents  from  liquid  leak^age  should^no.t  occur.  Jiwever, 
poor  maintenance  or  careless  ooeration  can  'contribute  to  leakage  of  the^ 
collector  fluid  or  of  water  from  the  storage  system  thro.ugh  one  of  many 
joints  and  connecti6n5,  or  through  x:orrosion  si tes ,  and  can  result  in' expen- 
sive  damage.    Gopd  preventive  maintenance* is  therefore  a. primary  require- 
ment  of  satisfactory  operation  ^f  a  liquid  system. 


ADVANrAGES  OF  AIR  SYSTEMS  >         ;  '     '        .  - 

The  advantages  and^  di-sadvanta-ges  of  an  air  systeffl  are  essentia-lly  - 
^the  reverse  of  those  ass,ociated  witji,  a  LiqukL ^ystem,'  AdHitages  are 
the  absence  ^f  probl  ems 'associated  with  .corrVo^n,  freezing,  boiling, 
fluid  replacement,  md'nitoring  af  fluid  composition,  a nd> potential  d^niage 
by  system  leakage.      »  .  -     .     ^.        -  ^ 


DISADVANTAGES  OF  AIR  SYSTEMS  .  •      »    ,  *  ' 

 ~.  y      .         V/..  ''^    \  ^'    '       '  . 

A  disadvantage  of  the  a^^V  system  is  the  larger  wl.ume  required  for 

heat  storage  -  approximately 'three  tlmes^'that  for  the  equivalent  heat  * 

storage  capacity'in  water.    This  requirement  imposes  a  need^for  floor 
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/  ,       .  '  * 

spiace  having  a^linear  dimension  approximately  60  percent  greater ^than^; 
for  a  cylindrical  starage  tank.  Equal  heat  storage  can  be  provided,  fox 
example,  in  an  ei^ht-foot  cube  of  pebbles  and  in  a  tank-  of  water  fi^e  ^. 
fee't  in  diameter  and  eight  feet  higl^t    Another  air  System  *disadyant2ige 
*^is  the  size  of  ductWork  between  collector  and^stor^e.  -Abiout.four    ^  ' 
•       'square  feet  needs  to  be  available  for  two  ducts  between  collector  and    .  • 
^      '     ,  storage  in  a  typical  res^idential  installation.   'A  third  disadvantage . 
is  the  current  lack  of  air  conditioning  equipment  operable  \iith  a 
^         solar-heated  air  supply.    This  situation  is  not  yet  a, deterrent  to  ai.i^^ 
"  -system  use,  however,- because  no  solar  air  conditioning  system  is  yet 
commercial .       .   ,  . 

Comparison  of  the  advantages  and  disadvantages  of  SQ^lar^heayjig*  *  . 
system  type^outl  ined  above  pleads  to. the  concl  usion  *that  the -air  system' 
^  /■  '     J  is 'superior.insofar  as  durability  and  freedom  from  maintenance  are 

'concerned.  '  Experience  with  a  1  imi te^i 'number  of  systems  beaVs  out^this 
generefl-ization..  As  to  compactness  and  wide  availab-i] ity  of  hardware, 
,      *       the  liquid  system  appears  to  be-  the  better  choice.    These  rel&'tive  / 

f0  .  abvantage^  suggest 'that  air^  systems  may  predominate  in  residential    -  , 
installation^  where  mainten^e  .is'  notoriously  neglected,  Vhere^Ornpact- 
^    '      '  ness  ts  oft^n  not  considered  essential*  and  where  durability  is  important. 
'       'Liquid  sys,tems,  on  the  other^and,  may  predominate Jn  comjnercial  and 
'  *  .    indl>striaV  instal  Vations  where  .main teriance  i s  routinely  practiced,  where 
space,  is  fr^uentif^'lh:  a  premium,  and  where. occasional  equipment,  replace- 
ment  is  acceptable  if  ^econioniicaMy  'desirable. 


.  S'YSTEM  PERFORMANCE     -  -  '  ,    "  .  . 
 '.  '. — —  ■        •    •                ■  ' 

*  In  terms  of  "system- ef .f  1c lency,  or  annual  beat  delivered  per  unit 
collector  area,  the  two  systems  have  comparable  performance.    Several  studies 
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■have  shown*  that  the  difference  in  heat  output  is  small,  and  that  one      '  '  • 
^,  System  *may  be.si*rghtly  better,  under  some  conditions  and  the  other 
,Suj)ti^ior  in  other'  situations!    The  most  recent  information  on  two'  *    '  •  * 

Jdfntical  adjacent  hcwses  shows  nearly  one-third  more  heat  wa's  supplied 
^-bj^.the  air  system  from  equal  collector  areas.    But  a  consjarpv^ti ve 
appransal  is  j:hat  'the  twa  systems  ha,ve  approximately  6qual  heat~  delivery 
c?p'afcili\y,  per  square  ,fobt'-of  collector  area.»  ftore  data  are  needed' 
'before  more  definitive  stater?^ats*can  be  made.  ^  '  ^,  . 


'   COST  OF  HEAT  DELIVERED.^         •     ^     ^  '  "      •    '  ^    :     '  *i 

The  final  and  conclusive  bas^s  for  compcfvi^on  is  cost  per  unit  heat 
\deliyered.    If  efficiency,  useful  l^fe^,  and  njaintSnance^ costs'^are  equal, 
tJ}^ ^ system  ^requiriijg  the  least  maint^ance*  per. square  fotft 'of  col'lector 
' fs\th^pest  chpice..  Syst*em  co-sts  are-not^ye^  suf(^ciefitly  established  .  ' 
".'for  positive  selection  on  thi,s  basis.    However;  examin^ioji  of  publlS'Ke.d, 
'.\  pribes  of  solar  cpl^ectors  and  consideration^of  the  costs  of  other^ 
components  in  the  system  suggest  that  the  total  installed  cosfe*  of  the 
!'iir  system  is  lower  than  that' of  the  liquid  system,  f6r*'equal  heat^  . 
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itpuzt    ^v^dence.in  support  of  this  indicatioa,  is  not  conclusive, 
however,  so  unless  actual  quotations^can  be  compared,  jt  should  be  • 
-assumed' that  the  cos^t-di  fference  is  not  large,  possibly  not  over  10  ' 
percent  of  the  total  investme<it,- and  that-any  dif^ference.  is  probably 
in  favor  of  tho  air  system.  .    ^  ^ 
?•         Another  important  factor  bearing  on  solar  heat  cost  is  the  iJSG'ful 
^life^of  the  system  and  the' costs ^of  iiiafntenance  and  repairs.    On  those 
p'oints  there   is  liUtlc  doubt  that  tho' air  system  Involves  lilwer  annual 
'^^'^^expense-.   The  absence  of  corrosion  „  th^  u5;ei<ofrmodcr;^te-priced  metal  >^ 


(miVd  steel),*  ^nd*  the  absTOce  of  sery'icing  requi remen^ts,  indicate  that 
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the  air  systieni  will' have  a  longer  lif-e  and  1^5v?^^;^_^^  cost  than  * 

the  liquid  system.        '     ,  .    *     \  *  •  ' 

.  With  respect  to  j5\;aGuated  tubular  collectors,  the.ir  high  effi- 
cifincy  i^  a  great  advantage.   1'hese  unitj  are.  not  yet  *&aing  made  Tor 
general  sale,  so  i*t- is-difffcul  t*  to  make  comganison^  with  1^lat-plate 
•    systems.    Manufacturing  costs  are  much  hic^er,  and/current'prices  may  ' 

not  reflect  true  costs,  'But  if  these  units  can  be  producl^d  in  large 
-  volume  (e.g./^  thousand*  tons  of  glass  per  pjonth),  costs  might:^  reach 
a  competitive  level.    Selection  pf  evacuated. tubuVar  systems*  today 
would  have  to  be- based  on  criteri^o  other  than  cost, /such  as  high  ' 
^temperature  del  i ve/-y*of  collector  fluid  at  ^a^onable  efficiencies. 
'  But  when*  deman-d  reaches  the  level  justifying  automated  tubular  (Collector 

pVoduction  witli  a  furnac'e  used  exclusively  for  this  product,  costs.may 
*  become  very^attf^cVK'ex  •    V  *  "  ^        .  -  •  ' 

\  There  is  also  a  focusi ng,  col  1  ectoV  {F^resnel  lens)  which  has 
^received,  some* experinliintal  use.  ^  It  requi.res  a  tracking. mecham sm 


the'/G054.^i4,.JSubatr^^l^  than  the  o,ther  systems.  Unless 

high  temperatures-,  well  aboveZOO^'F,  were  a  spee*ifit  requi  rement' as ,  . 

'  '\  *         *  *  ' 

for'exampVe;  for,  absorption 'ai*r  conditioning,  there  appe'ars  to-be\fi|o 

.  ^  .  '  ■  /  '   <     .         -    •  •  4 

^  ad'vaf>tage  in  the  use  pf^thi^  low-c'OFiceritration  focysing  sysuem.  'The  ^  , 

'  considerably  higher  coSt,'  inability  to  ifocus  difjfe'se  radiati'tfn,  and 

I    the  need  for;moving  hijrdwai^e,  plus  nkiinjcnarjcc ,  apf^ear  to  prociudc  its'  , 

*  •      *        t    ^  *  J  '      ^      •  . '  .       *     «  .     '  •  ' 

practical  use  for  s|)dce  heatfing.-'  '      -  ,  -    *  '  . 

.   '   . ,        '         *   •   I'       '  "^^^      '  ■  ' 
;     In,  the  f;riaJ  choice  of.a  sbslar  heating'syst§uu^  consideration  njust  . 

be  given*  to  the  type  of  use  which  Vk^^^^j^s^t^  As  to  meet/  ^As  pre\riously-  , 

indicated,  liquid  systems  appear  to  hav^  somfe  advantages  over  air 

systems,  in  Jarge'pnstal-l^tions  where  maintenance  isjcustomary  and  where 

cooli/hg^may  now  or  latter  be  provided  by  wlaf  energy.  Other  circumstances 
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might  also  provide' incentives  for  liquid  system  use.  It  is  evid^^nt  that, 
■'-botn  systems  have  potential  for  widespread  application. 


:  CRITERIA  AND  STANDARDS 


*-        Although.no  performance  cri'tenia  or  standards^for  solar  heating 
.equipment  have  been  established,  saveral  such  efforts  are  being  made, 
.Among  the  a€tiy|^rganizatians  are  the  American  Society  for  Testing  and 

.   Mat6iH|ps^(ASTM),  the  |rfn§rican  National  Standards  Insti  tute  ^{AflSI  1/the 
Amer.ican  Soclel^  of  Heating,  Refrigerating"  artd'"Air-Conditionihg  ^- 
Endirieers,  Inc^  (ASHRAE) the  Sheet  Metal  and  Ai  r- Condi  tipninpCmatrap'tfrs' 
National  /gi^sociaAion  (*SMACNA)',  abQd'Varjous  goverjimeqt  bureaus,  incfluding 
th^  Nat1o.nal  Bureau  of  StancJaras'  (NBS)*,  the  Oe'partment  of  Housin'g.^nd 

.    Urban  Development  (HUD),  'an^  thfe  Energy  Rl?earch  and  Development  -  ;r       /  • 
Adiiiinistration  (ERDA):  '  ; 

\-  -  -   *  '      '         ^-  '  ,    '  M' 

A  cc^nniittee  of  the  .ASTM  and  ANSI  organizations  is  actively  engaged  - 
,    in  formulating  standards  for 'SJolar,  heating  equipment. /No  ..results  have 
-been  publicly  released,  but  criteria  or  guidel vies  may  te  expected/^ 

ASHRAE,  through *its  series  of  manuals  on' heating  and  air 'Condition-- 
ing,  continues  to  expand  its  section  on  solar  heating  and  cooling.    The  ' 

*  -  '  *  , 

1974  edition  of  ^'Ap'pl  ication's"  contains  solar. heatin'g  information  and- 
'    guidelines  in  Chapter  59"-;    This  material  is^  fn  the.forni  of. a  rqfer^frCG 
^  '  handbook  for  designers  and  installers- of  solar  hoatj'ng' et^uipment',  but'  it 


*  • 


is  coni^ara lively  general  in  its  c6?itent»' 


/ 
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.  ^ /Sn^important  project  of  the  National  Bureau  of  Standards  is  the 
formulation  of  performance  criteria  which  solar  hea^ng  and  cooling 
equi.pm^t  should  be  expected  to  meet.    Two  of  the  results  jof  thi^  project 
are. the* reports ,  "Interim  Performance  Criteria  of  Commercial  and  Solar 
Heating  and  Combined  HeatirrgVCooling  Systems  and  Facilities",  NASA 
98M-10001,  2^  February  197S  (prepared  by  NBS)  and/Mnterim  Performance  , 
Criteria  for  SolSr  H^ating*and  Combined ^^^ing/Cooling  Systems  and 
Dwellings".;  HUD,  ^1  January  1975  (prepared  by  NBS  for  HUD).  'Theses  " 
publications  contain  in'formati^n\)n  the  characteristics  of  "solar  systems'^ 
and  components  which, are  important  in  the  selection  of  equipment.  No 
requirements -are  outlined,  in  terms  of^uanti tative  performance,  *but 
thfe  equipment  is  expected  to  perform  at  the  level  vdrich  the  manufacturer, 
or  supplier  specifies.    In  addition  to  the  criteria  themselves*,  the 
reports  describe  methods  for  measuring  the  performance  of  collectors 
^'and  heat  storage  units..-  .  ' 

The  next, gover^nment  effort  along  these  Tines  has  resulted  in  the 

•  '  ^.     '    '         '  *  ' 

release* of  "Intengediate  Minimum  Property  Standards  Su'pplement  for 


Solar  Hea'ting  and  Domestic- Hot  Water  Systems,"  prepared  by  the  National 
Bureau  of  StandardS|^or'the  Department  of  Housing  and  Urban>  Dev^elopment  \ 
In  conforrmance  with  other  HUD  docujnents  of  *thi%L  type ,  the  s^jeci  fication§^ 


outlined 'are  those  which  soJar  heating  equipment  will  have*to  meet  'if 
federal  funds such- as  FHA4lome  loans,  are  crsed  in.  financing  the  structure 


or  its  compoi^nts.    As, with  the  "'fnterint  performance  standards"  developed - 
by-^BS,  the  ^ola:r  heating  and  coofnng  standards  in  the  HUD  document?  are 
directed  mainlV  tj?  safety,  durabil ity,  reliability,  and  such  factors  rather 
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than  to  Ijhe  specific  jefficiency  of  heat  sup'ply'or  other  quantitative 
criteria.    The  equipme|^.  is  required  to  perform  according  to  the  / 
manufacturer's  claims.  '  , 

The  work  being  undertaken  by  SMACNA  is  directed  toward  standards 
for  installation  v^kmanship  in  solar  heating  systems.    Such  factors  as_ 
the  quality  of  the  plumbing,  sheetmetal  work,  and  electrical  work  will  * 
be  considered.  ^ 

Standards  for  testing  solar  equipment  haVe  been  the  subject  of  work  - 
at  the  Nationc(,l  Bureau  of  Standards  for  over-.two  years.    A  useful,  report 
of  part  of  this  investigation  is  "Development  of  Proposed  Standards  for 
Testing  Solar  Collectors  and  Tliermal  Storage  Devices",  NBS  Technical  * 
Note  899,  issued  February  1976. 

Another  documeitt  related  to  standards  and  criteria,  preparefl  at-the^ 
Center  for  Building  Technology  of  the  National .Bureau *of  Standards  for 
the  Energy  Research  and  Development  Administration,  Division^of  Solar 
Energy,  is  "Xh^rmfil  Data'Re^iuirements  and  Performance  Evaluation 
Pijocedures  for  ■t\{e  National  Sofar  Heating  and  Cooling  Demonstration  Progra 
This  manual  provides' detailed  information  and  directions  for  mea'lsuring  and 
evaluating  the  performan'ce  of  solar  heating  and  cooling  systems.^' 

*  '  .  ^  .     *         WARRANTIES  '  '        .  - 

'  The  types  of  Warranties  offeced  by  manufacturers  of  sola'r  heating 


)t  warranties  ottet^ed  by  i 

•'■  ■  -  ■       J  •  • 

:onsiderably.    At  tne  prei 


equipment  vary  considerably.    At  tne  present^ time^  if  a  supplier  provides 
a.ny  warranty,  it  is  of  the  "limited"  type..    Under  its-^terms,  the  equipment 
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isr  warrantec|,  to  be  free  of  defects  in  material s' and  TQorkmanship^^  and  , 
tjiat  if  such  defects  are  found  wi^in  a  certain  period- of  time  after 
initial  use,,  correction  or  replacement  will  be  mjde  without  cost  to 
the  user.    Most  of  the  suppliers  of  solar -equipment  do  not  currently^ 
offer  any  type  of  warranty.    A  few,  larger  companies  involved  in  solar, 
equipnent  manufacture  are  offering  one-year  Ijfnited  warranties.  One 
company  marketing  an*  air  system  offers  a  10-year*  1  imi ted  warranty. 

Ihere  appear  , to  be  no  manufacturer's  guarantees  as  to  thermal, 
efficiency  or  heat  delivery  capability  of  solar  equipment.  Although" 

^manufacturers  are  providing  that  type  of  iriformatiOT^  in.  their  sales 
1 iterature, ' they  are  not  guaranteeing  the  performance  In  the  field. 
To  a  certa.in  degree,  this  omission  is  due  to  the  inability  of  the  manu- 
facturer  to  control  the  quality  of  th^  installation.    In  additic%, 
manufacturers  ^uj^plying  only  certain  components  of  a  system,  such  as 
the  collector,  cannot  be  assured  that  the  other  components  in  the  system 
are  correctly  selected  or  integrated  with  their  own  product.  Thus, 
inferior  performance  mighj:  well  be  due  to  'factors  other  than' those 

.controlled  ty  the  collector  manufacturer.    A  performance  warranty  would  ^ 

! 

thus  be,  difficult  to  establish  and  maintain.  ^ 

'   Still  another  problem  in  providing  a  meaningful  performance 

. Warranty  .is  'the  great  variation  in  climate  encountered  and«the  practical 

difficulty* in  accurately  measuring  the  output  of  the  installed  equipment 

Instrumentation  is  usually  not  provided,  so  measurement  Df  performance 

is  likely  to  be  an  expensive  investigation,  by  an  experienced  engineer. 

Disputes,  litigation,  and  other  problems  would  be  i^nevitable. 

PractjicaK performance  warranties  should  become  available  for  com- 
*  ,  \         '  .  . 

'S  •  " 

plete  solaf  heating  systems  provided  by  a  single  manufacturer,  assembled 


74V 


'  '  23-22' 


ERIC 


and  installed  by  a  single  responsible  individual  op  firm.    The  nianu- 
Vacturer  could  thtn  guairantee  the  system  to*  the  installing  firm  which,^ 
in  turn,  v/ould  guarantee  it  to  the  purchaser.    In  case  of  dispute,  the 
instajiller  cou^d  measure  system  performance  in  the  presence  of  the  owner 
'  and  a  third  party,  if  demanded,  for  determi najtion^of  conformance.  If 
inadequate,  ^corrections  would  be  hiade  in  compliance  with  the' warranty , 
'  and  the  installer  and  manufacturer  would  establish  responsibility  for 

the  departure  fr^  specifica-tions.   

Such  developments  as  the  Home  Owners  Warranty  (HOW)  program, 
..sponsored  by^the  National  Association  of  Home  Builders,  can  be  expected 
,  to  ^ha^,e  an  .influence  on-^plar  heating  equipment  guarantees #    Under  the 
,  HOW  program,  all  defects  in  a  residential  structure  will  be  corrected 

at  no  cost  to  the  owner  'during  the  first  three  years"  of  use.    It  may  be 

. 

exp'ected  that  solar  heating  equipment  will  have  warrar^ties  conforming 
with  such  a  program.    Manufacturers  will  then  be  required  to  guatrantee 
to  the  dealer  and  installer  the  necessary  support  for  compliance  with 
this  program. 

The  solar  equipment  manufacturing  industry  unfortunately  includes^ 
several  small  suppliers  having  practically.no  experience  with  solar 
equipment  anti  offering  no  warranties  of  any  kind.    Purchasers  of  such 
equipment  have  very  little  chance  of  reimbursement  for  costly  failures. 
Even  if  a  small,  marginal  marjufacturer  offers  some  sort  af  warranty,  a 
'purchaser  does  not  have  much  assurance  that  the  manufacturer  will  remain 
in  business  long  eaougtTto  make  good  on  its  guarantee.    In^  the  event  of^ 
'equipment  defect  or  failure,  the  owner  (or  instal ler,-if  guaranteed  by 
himi    woAild  suffer  the  loss,   "fhese  and  other  top'fcs  are  d/scussed  in 
the  previously  mentioned  government  report,  "Buying  S(|rar" ,  publ i shed 
irf  June  1976  by  the  Federal  Energy  Administration  and /HUD. 

•  /  ^ 

^  f 


